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Multiphoton microscopy techniques have gained wide prominence in biophotonics
imaging applications since their inventions. Compared to conventional optical imag-
ing, these nonlinear optical microscopy (NLOM) techniques are intrinsically confo-
cal, and thus enables three-dimensional imaging with submicron spatial resolution.
Additional advantages include decreased photodamage to tissue, increased depth of
penetration as well as the ability to perform label-free imaging. Signal response in
NLOM techniques depend nonlinearly on the peak intensity, therefore requiring a
high peak intensity laser as source. Control of ultrashort pulses enables the genera-
tion of high peak intensity pulses with lower excitation pulse energies. This disser-
tation focuses on the development of a nonlinear microscopy system for biological
applications based on the control of the spectral phase of broadband supercontinuum
pulses generated in a polarization maintaining all normal dispersion photonic crystal
fibre. We further demonstrate, for the first time, the real world application of a time
domain ptychographic phase measurement technique known as i2PIE which allows
for phase correction at the object plane, in microscopy, and how this phase control
contributes to image enhancement in two photon excitation fluorescence (TPEF)
and second harmonic generation (SHG) imaging of biological tissue. By comparing
this new technique to the commonly used multiphoton intrapulse interference phase
scan (MIIPS) measurement technique, we show that i2PIE offers an improved spec-
tral phase measurement which can be used to generate shorter temporal pulses and
ultimately produce higher peak intensities, even at lower pulse energies. Our results
also show that for the same input pulse energies, i2PIE provides a higher contrast




tained from this work projects i2PIE as a promising phase measurement technique
for the coherent control of ultrashort pulses used in nonlinear microscopy.
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Multi-foton mikroskopie tegnieke het wye aanklank in biofotonika afbeelding toepas-
sings gevind sedert hulle ontwikkeling. Vergeleke met konvensionele optiese afbeel-
ding, is hierdie nielineêre optiese mikroskopie (NLOM) tegnieke intrinsiek konfokaal,
en dus laat dit drie dimensionele afbeelding met ’n sub-mikron ruimtelike resolusie
toe. Verdere voordele sluit in ’n afname in lig-skade aan weefsel, dieper penetrasie en
die moontlikheid om merker vrye afbeelding uit te voer. Die sein sterkte in NLOM
tegnieke hang nielineêr af van die piek intensiteit, en gevolglik benodig dit ’n hoë piek
intensiteit laser as bron. Beheer oor ultra-kort pulse laat die vorming van hoë in-
tensiteit pulse met laer opwekkings puls energieë toe. Hierdie proefskrif fokus op die
ontwikkeling van ’n nielineêre mikroskopie sisteem vir biologiese toepassings gebaseer
op die beheer van die spektrale fase van breëband super-kontinuum pulse gegenereer
in ’n volkome-normale-dispersie-fotoniese-kristal-vesel wat polarisasie behou. Ons
demonstreer verder, vir die eerste keer, die werklike toepassing van ’n tyd-gebieds-
tigografie fase meet tegniek genaamd i2PIE, wat dit moontlik maak om die fase te
korrigeer by die objek vlak in ’n mikroskoop, asook hoe hierdie fase beheer bydrae
tot ’n verbetering van die gevormde beeld tydens twee-foton-opwekkings fluoressen-
sie en tweede harmoniek opwekking afbeelding van biologiese weefsel. Deur hierdie
tegnieke te vergelyk moet die algemeen gebruikte multi-foton intra-puls interferensie
fase skandering (MIIPS) meet tegniek, wys ons dat die i2PIE ’n verbeterde spektrale
fase meeting lewer wat gebruik kan word om korter pulse te genereer en gevolglik
hoër piek intensiteite, selfs by laer pulse energieë. Ons resultate wys ook dat vir
dieselfde inset puls energieë lewer i2PIE ’n hoër kontras beeld en ’n verbeterde sein




’n belowende fase meet tegniek vir die koherente beheer van ultra-kort pulse wat in
nielineêre mikroskopie gebruik word.
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Over the last few decades, there has been an upsurge in the number of imaging tech-
niques resulting in the development of better diagnostic tools which probe specimen
on a micrometer to nanometer scales. Imaging techniques can be classified into two
main categories: radiation and optical. Radiation based methods applied to imaging
generally include X-ray [1, 2], magnetic resonance imaging[3] and computed tomog-
raphy [4]. These methods however emit ionising radiations that offer added health
risks and are mostly costly. Optical methods have been proven to provide accurate
molecular, cellular and sub-cellular details in real time through non-invasive means
while still being relatively economically cost effective. Advances in optical imaging
techniques have varied applications in areas such as medicine [5, 6], pharmacy [7, 8]
and even in arts and archaeology [9].
This chapter presents a general overview of the concepts of optical microscopy with
emphasis on nonlinear optical microscopy relevant to the work presented in this
dissertation. It presents and discusses the different imaging modalities and the merits
of each technique.
1.1 Single and multiphoton microscopy
Since the invention of the laser by Maiman [10], its applications in microscopy and
spectroscopy has seen tremendous improvements over the years. The basic principle
of laser based technique involves the excitation of molecules from the ground state
to some excited state through the absorption or scattering of photons of energy h̄ω
where h̄ is the Planck’s constant/2π and ω is the angular frequency of the incident
photon. Depending on the number of photons involved in the excitation, the process
is either a linear (single photon) or nonlinear (multiphoton). The common procedures
under each process will now be considered in brief details.
1.2 Linear microscopy
This is the conventional microscopy where excitation involves the absorption of a sin-
gle photon. It consists of traditional widefield imaging [11, 12] where image contrast
is based on linear processes such as absorption, scattering, reflection and fluorescence.
1
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For example, in conventional fluorescence microscopy, it is found that there exists a
linear relationship between the emitted fluorescence intensity and the incident inten-
sity. Furthermore, its excitation requires high energy photons and as such employs
excitation with short wavelength lasers (or mercury and deuterium lamps as well as
tungsten halogen lamps) mostly operating in the visible or ultraviolet (UV) region of
the electromagnetic spectrum [13]. Figure 1.1 shows a typical Jablonski diagram for
a linear process. The absorption of the incident photon of energy h̄ωi by molecules in
Figure 1.1: Jablonski energy level diagram for linear (1-photon) optical process showing
excitation by absorption of the photon of energy h̄ωi and radiative emission of energy h̄ωf
after non-radiative vibrational relaxation (VR). GS and ES represent the electronic ground
and excited states respectively. Excitation starts from the ground state (GS) with the ab-
sorption of photons of angular frequency ωi. Non radiative decay resulting from vibrational
relaxation (VR) of energy is represented by black wavy arrows. Radiative emissions by way
of fluorescence is represented by ωf .
the lowest vibrational state of the electronic ground state (GS) causes an excitation
to vibrational states in a higher electronic state (ES). Due to Kasha’s rule [14], which
states that radiative decay can only occur from the lowest excited state for a given
multiplicity, the excited molecules undergo non-radiative decay through vibrational
relaxation (VR) and internal conversion to the lowest level of the first excited state
(ES1) before undergoing radiative fluorescence to the ground state typically on a
nanosecond time scale [15] with the emission of a photon of energy h̄ωf . Due to
the energy lost in the non-radiative decay, the emitted photon has less energy than
the absorbed photon (i.e. ωf < ωi). This implies the emitted photon undergoes a
Stokes shift (wavelength shifted towards the red end of the visible spectrum). The
fluorescence response depends on the intensity (I) at the focus of the laser beam





where P is the average power, A is the area of the focus spot.
Linear microscopy is however prone to poor contrast and image degradation due
to unwanted scattering light reaching the detector which also limits its application
to shallow depths [12]. To circumvent this drawback, confocal microscopy [16, 17]
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was developed by Minsky [18] which introduced the concept of point-by-point illu-
mination as well as the use of excitation and detection pinholes. These adjustments
ensured rejection of unwanted scattering as well as out of focus rays leaving only
relevant light to reach the detector.
Compared to standard light microscopes, confocal microscopy offers enhanced lateral
and axial resolutions thus allowing for observation of fine details [16]. The rejection
of light from out of focus regions is as a result of axial resolution enhancement. The
main advantage of confocal microscopy, however, is its ability to optically section
thick samples [17]. However, despite the increased resolution that confocal geometry
presents into single-photon fluorescence microscopy, the use of high energy excita-
tion pulse present the risk of non-negligible photodamage and photobleaching which
occurs within the entire illumination cone of the light as well as within the focal
volume [17, 19, 20].
1.3 Multiphoton microscopy
This is the microscopy technique based on the excitation of a molecule to an excited
state by the simultaneous absorption of two or more photons. Two photon absorp-
tion was predicted in 1931 by Maria Göppert-Mayer [21] (translated into English in
[22]) but it was not observed until Franken demonstrated it in his work in 1961 with
his paper on generation of optical harmonics [23]. In comparison to single-photon
microscopy, multiphoton microscopy (MPM) offers a higher degree of sensitivity,
deeper penetration into scattering tissue as a result of the near infrared (NIR) exci-
tation wavelength used [24]. It also offers less photodamage and photobleaching due
to the smaller excitation volume [25], 3 dimensional imaging as a result of optical
sectioning, excitation of UV-absorbing dyes, better signal-to-noise ratio, decreased
out-of-focus background [19, 26, 27]. The multiple excitation photons involved are
lower in energy (typically in the near infrared) compared to that of single-photon
excitation and the excitation is through intermediate states.
The most common multiphoton microscopy techniques involve excitation by simul-
taneous absorption of either two or three photons as ionization optical breakdown is
known to occur when four or more photons are involved [28]. Let us briefly look at
the features of these common multiphoton processes.
1.3.1 Two-photon microscopy
In two-photon microscopy (TPM), the excitation rate is proportional to the average
squared photon density [17] as a result of the need for simultaneous absorption of two
photons per excitation in order to produce a response in the medium. It is therefore
a three wave mixing process. In TPM, continuous wave lasers are replaced with high
intensity pulsed lasers. For pulsed lasers, the energy per pulse (E) is given by the
ratio of the average power (P ) to the pulse repetition rate (f) (i.e. E = Pf ).
For two-photon absorption, the intensity of the material response (ITPM ) is propor-
tional to the square of the applied laser intensity (Ii) ie ITPM ∝ I2i . This quadratic
dependence of the response on the applied field provides a nonlinear relationship
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between incident and emitted field which is why multiphoton microscopy is often re-
ferred to as nonlinear microscopy. Thus subsequent reference to nonlinear microscopy
implies reference to a multiphoton microscopy and may be used interchangeably.
1.3.1.1 Two-photon excitation fluorescence
The most common TPM technique is the two photon excitation fluorescence (TPEF)
microscopy. Figure 1.2 shows the energy level diagram involved in a TPEF pro-
cess where two NIR pulses excite fluorescence molecules to generate a fluorescence
response. Absorption involves real transitions to an excited electronic state with
relaxation process governed by the same principles as in one photon absorption.
Figure 1.2: Jablonski energy level diagram for two photon excitation fluorescence. The
electronic excited state (ES) and surrounding vibrational states are represented by the thick
and thin solid lines while virtual state (VS) is depicted with a dash line. All processes start
from the ground state (GS) with the absorption of photons of frequencies ωa and ωb. Non
radiative decay resulting from vibrational relaxation (VR) of energy is represented by black
wavy arrows. Radiative emission by way of fluorescence is represented by ωf .
Though two photons with angular frequencies ωa and ωb are simultaneously absorbed,
the energy of the fluorescence is less than the total absorption energy i.e. ωf < ωa+ωb
and is thus Stokes shifted. TPEF has been applied in many fields of research such a
cancer studies, biomedical, cell biology etc [15, 29–31] and has been used to image
intrinsic fluorescent biomolecules such as nicotinamide adenine dinucleotide (NADH),
flavin adenine dinucleotide (FAD), elastin, Keratin, deoxyribonucleic acid (DNA)
[29, 30, 32].
1.3.1.2 Second harmonic generation
Another two photon microscopy process that is often used is second harmonic gen-
eration (SHG) whose energy diagram is shown in figure 1.3. Excitation occurs to
a quasi-electronic state often referred to as a virtual state (VS). A virtual state is
one in which the molecule possesses a very short mean life time and hence there is a
large uncertainty in energy. For SHG, ωa = ωb = ωi and there is no dependence on
absorption of photons but rather involves a scattering process with SHG occurring
on a femtosecond (10−15 s) time scale [15]. Second harmonic generation only occurs
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Figure 1.3: Jablonski energy level diagram for second harmonic generation. For second
harmonic generation, ωa = ωb = ωi. Virtual states (VS) are depicted with dash lines. Second
harmonic generation emission is represented by ωSHG = 2ωi.
in materials that lack inversion centre (non centrosymmetric materials) and highly
ordered media [31] such as collagen fibrils [33], muscles tissue [34] and other biologi-
cal applications [35]. The energy of the SHG emission is exactly twice the excitation
energy ie 2ωi = ωSHG and thus the energy of the system is conserved. The emitted
response is therefore at exactly half the excitation wavelength and therefore anti-
Stokes shifted. Aside from the fact that there should be lack of inversion symmetry
for SHG to occur, there is the need for phase matching conditions between the input
optical field and the induced dipoles in the material.
Table 1.1: Characteristic features of two photon microscopy techniques




Energy of process Not conserved Conserved [15]
Response time Nanosecond Femtosecond [15]
Fluorescence λ λfluo > λi/2 λSHG = λi/2
Advantage Deeper imaging with
less phototoxicity; Spa-
tial localization for fluo-
rescence excitation
Coherent process, sym-
metry selection; No ab-
sorption of light; Prob-
ing well ordered struc-






















CHAPTER 1. INTRODUCTION 6
Table 1.1 summarizes some of the characteristic features of SHG in comparison to
TPEF. Due to difference in contrast mechanism and the information that TPEF and
SHG provide, they can be integrated into a single setup for simultaneous detection
[15, 27, 34, 35]. The system developed as part of this dissertation will focus on
applications of two photon excitation fluorescence and second harmonic generation
microscopy.
The next section provides a brief overview of three photon microscopy processes
although these techniques were not the focus of this work and will neither be applied
nor discussed any further in any other section of this work.
1.3.2 Three photon microscopy
This is microscopy based on the four wave mixing process where three photons are
simultaneously involved in the excitation process to produce a signal response. The
intensity, I3PM , of the response has a cubic dependency on the incident average
power i.e I3PM ∝ I3i .
1.3.2.1 Three-photon excitation fluorescence
Three photon fluorescence (3PF) (shown in figure 1.4) occurs in the same manner
as TPEF but with three photons absorbed. In practice, excitations are carried out
in the short-wavelength infrared (1300 -1700 nm) [36].
Figure 1.4: Energy level diagrams for three photon fluorescence with absorption of photons
with angular frequencies ωa, ωb and ωc to produce a fluorescence response with angular
frequency ωf .
Absorption is to a real state energy level through two transient virtual states. The
emitted fluorescence energy is less than the sum of the three excitation photon ener-
gies i.e. ωf < ωa+ωb+ωc. The longer excitation wavelength used results in less tissue
scattering thus enabling deeper penetration and the cubic response causes a reduc-
tion of out-of-focus excitations. Compared to TPEF, 3PF has a smaller excitation
volume which results in lesser photodamage than in TPEF.
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3PF is however accompanied with increased absorption at longer wavelengths and
higher peak power optical pulses than is required in TPM in order to achieve deep
tissue imaging [36, 37]. There is a smaller production of fluorescence flux and hence
lower signal and slower imaging in the use of 3PF as a result of its reliance on a
lower excitation repetition rate and hence sometimes viewed as complementary to
TPM [36].
1.3.2.2 Third harmonic generation
The instantaneous emission of a single photon of angular frequency ωTHG after con-
version of three incident photons of identical angular frequency ωi results in third
harmonic generation such that ωTHG = 3ωi as shown in figure 1.5. It is more ver-
Figure 1.5: Energy level diagram for third harmonic generation with all incident photons
having an angular frequency of ωi and signal response at 3ωi.
satile in comparison with SHG as it is not dependent on specific asymmetry of the
structure to be imaged [38]. It is interface-sensitive as the magnitude of the signal
scales with the differences between the third order nonlinear susceptibility between
the two surfaces [39] and can therefore be used as a general purpose imaging tech-
nique to map exact location of cellular membranes. It acts as a non-invasive tool
due to the prevention of the release of any excess energy in bio-tissues as a result of
the virtual-transition characteristics [40]. However, in homogeneous media, there is
a destructive interference in the THG before and after the focal plane due to Gouy
phase hence the absence of THG in homogeneous media [39].
Tissue structures commonly imaged with THG are well tabulated by Weigelin et al
[38]. Saytashev et al applied THG in the study of red blood cells [41] while Chu et
al [40] applied it in the imaging of nuclear plasma membranes.
1.3.2.3 Coherent anti-Stokes Raman scattering
Coherent anti-Stokes Raman scattering (CARS) microscopy is a four-wave mixing
imaging technique in which two pump fields with angular frequency ωp and a Stokes
field with angular frequency ωs interact to generate an anti-Stokes signal with an
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Figure 1.6: Energy level diagram representing coherent anti-Stokes Raman scattering
(CARS) process with pump frequency ωp and Stokes frequency ωs generating an anti-Stokes
signal with frequency ωas = 2ωp − ωs. ωvib represents the resonance vibrational frequency.
angular frequency ωas. From figure 1.6, the first pump field is responsible for creating
oscillations in the medium and corresponds to Rayleigh scattering in the linear regime
[42]. The pump and Stokes fields interact in a medium to polarize the medium. A
second pump photon scatters off this polarized medium to generate an anti-Stokes
field. The interactions between the pump and Stokes fields is coherent and the
generated anti-Stokes field has an angular frequency, ωas = 2ωp − ωs. Vibrational
contrast is produced when ωp − ωs is tuned to be in resonance with a molecular
vibration ωvib [43].
CARS mostly requires the alignment of two laser beams in order to generate the
pump and Stokes fields. Single beam CARS is now possible thus simplifying the setup
conditions [44–46]. The anti-Stokes field generated is highly directional and of higher
energy than single-photon fluorescence therefore detection in the presence of strong
fluorescence background is possible. Furthermore, deep tissue penetration is possible
due to reduced scattering of the NIR excitation beams. The low absorption of the
NIR beams leads to a significant reduction in photodamage in biological tissue. 3D
resolution is also possible and there is no need for labelling as chemical selectively is
provided by the Raman resonance enhancements [42, 43, 47]. However, a strong, non-
resonant background from the electronic response of the molecules often dominates
the resonant anti-Stokes signal which limits the sensitivity of CARS in detecting
weak Raman bands [47, 48].
Other common multiphoton imaging techniques include stimulated Raman scattering
(SRS) which is mostly used in imaging contrasts in chemical bonds with high speed,
specificity, resolution and sensitivity [49] and four wave mixing (FWM) microscopy
which is a branch of CARS which depends on the non-resonant contributions rather
than the resonant part in the case of CARS [50].
One can observe that irrespective of the technique used, there are common advan-
tages in the use of nonlinear imaging over conventional imaging techniques. These
include: reduced photodamage and photobleaching due to the small focal volume;
higher excitation efficiency, possibility for selective imaging with deeper penetration
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depths; higher contrast and signal-to-noise ratios (SNR) as well as label free imaging
thus eliminating the need for exogenous fluorophores which have the tendency to
alter the physiology of living organisms. The next section briefly discusses contrast
and signal-to-noise ratio (SNR).
1.4 Signal enhancement techniques
The efficiency of an imaging system is primarily governed by two factors: the spatial
resolution and contrast of the system.
1.4.1 Spatial resolution
Spatial resolution in microscopy is the ability of the system to distinguish between
the finest details of the sample under investigation. It can be viewed in terms of the
system’s ability to distinctively separate between two point objects or how the image
of a point object spreads in the detection/image plane. Resolution in microscopy was
introduced by Abbe [51] although its application in spectroscopy by Rayleigh [52] is
commonly mentioned due to the so called Rayleigh criterion which suggests that two
components with equal intensity are considered resolved if the highest intensity of
one coincides with the first minimum of the other. For any optical imaging system,
there are two forms of resolution. The lateral resolution provides an estimation of
the quality of the 2D image of the sample in the (x,y) image plane. For a 3D image,
the resolution along the optical axis is what is referred to as the axial resolution. For










with θ being the half-angle of the cone of light collected by the lens, n being the
refractive index and r and z being the radial and axial coordinates respectively. At




where J1(v) is the first-order Bessel function of the first kind. Along the optical axis,
the intensity distribution is also given by:
I(u, 0) ∝ (sinc(u/4))2 (1.4.3)
Taking the first nodes in the lateral and axial distributions to be v0 = 1.22π and
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with NA=nsin(θ). For high NA objectives, the diffraction limit and optical resolu-
tion based on the Rayleigh criterion is estimated by the FWHM of the focal spot of
the laser beam, as calculated by the expressions in equation 1.4.4.
In nonlinear imaging involving nonlinear processes of nth order, the interaction vol-
ume has been shown to decrease by a factor of
√
n compared to the linear interaction
volume [53–55]. For example, for second order nonlinear microscopy, possible expres-










based on the estimation of the FWHM of the intensity distribution profile.
Therefore in nonlinear imaging, the three dimensional interaction volume at the focus
of the microscope objective depends on the excitation wavelength (λ), numerical
aperture (NA) as well as the order of the nonlinear process under implementation.
In confocal microscopy, this effective interaction volume is decreased by the use of
pinholes in order to collect light only from the small focal volume. In nonlinear
microscopy however, the size of the effective excitation area where absorption occurs
eliminates the need for pinholes.
1.4.2 Contrast enhancement
Differences in colour and/or intensity generates contrast in imaging and defines the
boundary between the invisible and visible features of an image. Contrast can there-
fore be defined as a measure of the relative luminous difference between the features
of interest and the adjacent background. Contrast mechanism in label-free imaging
depends on the molecular response to the intensity of the incident electric field. A
higher contrast therefore signifies a higher response relative to the background. There
are many expressions for determining contrast based on the information required.













where Lmax, Lmin, Lbackground, Lσ and Lµ are the luminance maximum, minimum,
background, mean and standard deviations respectively.
For any multiphoton process, the n-photon signal response is proportional to the
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with R(n)ab being the n-photon absorption rate, σn being the n
th absorption cross-
section, E is the pulse energy, f is the pulse repetition rate and I(t) is the time




ab = Ro × I
(n)
p × τp = Ro ×
Enp
τnp




where Ro represent the constant term and Ip represents pulse peak intensity for a
pulse of energy Ep having a full width half maximum duration of τp. The signal







(for pulsed lasers.) (1.4.10)
The signal response for n-photon absorption process is therefore proportional to the
nth order of the average power of the excitation light and inversely proportional






From equation 1.4.10, an increase in nonlinear signal response is observed at either
high excitation average powers or shorter pulse durations. Higher average powers and
its associated higher pulse energies however increases the risk of photodamage thus
making the reduction of pulse durations the best option for generating higher contrast
signals. This has led to an increase in the use of ultrashort lasers which typically
have a temporal width ranging from picoseconds to femtoseconds. Ultrashort pulses
will be discussed later on in section 2.2 of the next chapter.
1.4.2.1 Control of pulse lasers
Ultrashort pulsed lasers with pulse duration below 100 fs are now commercially avail-
able. However, pulses with durations much shorter than 50 fs can be generated via
control of the pulse. Control of ultrashort pulses provides a means of engineering
light-matter interactions in order to enhance the contrast as well as provide selec-
tive information extraction and detection. Nonlinear responses are affected by the
"shape" of the pulses which is a representation of the spectral amplitude and phase of
the electric field in the frequency domain. The pulse profile can also be represented
in the time domain through a Fourier transformation. Control of ultrashort pulses in
the frequency domain can produce a corresponding control in the temporal domain.
Control in the frequency domain is more feasible due to limitations in ultrafast de-
vices to control directly in the temporal domain. Spectral control of optical pulses is
achievable through the use of dispersive optics and spatial light modulators in order
to generate transform limited pulses.
The nonlinear response generated in multiphoton microscopy is as a result of the
high peak powers in the focus of the microscope objective. It is the purpose of
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every multiphoton microscopy system to provide as much information as possible.
This may require the use of multiple excitation wavelengths and spectral selections.
Considering the cost and complexities in the use of multiple mode-locked lasers, the
use of a single broadband tunable light source known as a supercontinuum source
[58] provides a cheaper and simpler alternative to generate multiphoton excitation
wavelengths. Supercontinuum (SC) sources are generated by pumping special types
of fibres known as photonic crystal fibres (PCF) with ultrashort laser pulses and have
been applied extensively in microscopy and other biophotonic applications [47, 59–
61]. Supercontinuum generation and PCFs will be discussed into further details in
sections 2.3 and 2.4 of the next chapter. Apart from providing a broad spectral range,
SC also provides spatially coherent radiation of which the profile can be controlled
to provide ultrashort pulses with pico- and femto-second durations.
The most commonly used pulse control method applied in nonlinear microscopy is
the pulse shaper assisted multiphoton intrapulse interference phase scan (MIIPS)
technique [62–64] which has been used extensively in multiphoton microscopy [41,
59, 65, 66]. MIIPS will be discussed later in section 2.5.1.3 of the next chapter. It
simply measures the spectral phase of the ultrashort pulse and generates a potentially
transform limited pulse by applying a negative value of the measured phase to the
pulse.
The major limitations of MIIPS include its consideration for only the second-order
correction to the phase and neglect of higher order dispersions although it introduces
phase distortions of any order [67, 68]. Again, self phase modulation gives rise to fast
oscillations in the group delay dispersion (GDD) which are difficult to compensate.
The accuracy of MIIPS in compensating such fast oscillating GDD is limited because
MIIPS is performed using a slow modulation and can therefore not account for such
fast oscillations [68]. One of the goals of this dissertation is to present an alternate
and novel technique to overcome these challenges in MIIPS. This novel technique,
which will be discussed in detail in section 2.5.1.4 of the next chapter, is based on
time domain ptychography [69, 70] which was recently developed in our laboratory.
1.5 Scope of the dissertation
The aim of this dissertation is to design and construct a versatile nonlinear mi-
croscopy setup that will be based on the use of broadband supercontinuum pulses.
The constructed system will be used to investigate the application of the novel time
domain ptychographic phase measurement technique that can be used for pulse com-
pression and its applicability in SHG and TPEF microscopy. Comparative analyses
of the features will be investigated alongside the use of pulses compressed with other
phase measurement techniques especially the commonly used MIIPS compression
technique.
The organisation of the dissertation is as follows: This chapter has briefly intro-
duced the concept of multiphoton optical microscopy and the key features of com-
mon two- and three- photon absorption processes applied to optical microscopy and
spectroscopy. Signal enhancement techniques have also been presented and brief
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concept of coherent control of ultrashort pulses have also been given.
Chapter 2 presents the theoretical framework of the concepts governing the various
aspects of the project. The concepts of nonlinear optics, supercontinuum generation
as well as the phase measurement techniques which will be used in pulse compression
in this dissertation will be discussed. The system design, setup, calibration and
characterization procedures will be presented and discussed in chapter 3.
Chapter 4 presents and discusses the characteristic features of the experimental po-
larization maintaining fibre and the novel time domain ptychographic phase mea-
surement technique. Comparative studies of the results obtained from i2PIE phase
measurement technique will be made with phase distortions measured with MIIPS.
Results generated after applying these measured phases to compress the pulse will
be analysed alongside supercontinuum pulses compressed with only chirped mirrors
and non-SC pulses.
Applications of the different technique-based compressed pulses to contrast and
signal-to-noise ratio enhancement in biophotonic applications will be presented and
discussed in chapter 5. The applications will be restricted to two-photon absorption
processes only specifically to two photon excitation fluorescence and second harmonic
generation microscopy. Endogenous and exogenous fluorescence as well as SHG in
both plant and mammalian tissues will be investigated.
The last and final 6th chapter will conclude the dissertation and provide future




In this chapter, the theories governing various sections of the imaging system will
be introduced. An introductory concept of nonlinear optics and nonlinear processes
specifically second harmonic generation (SHG) and two photon excitation fluores-
cence (TPEF), ultrashort pulse generation and characteristics will be considered.
The concept of supercontinuum generation, the principles governing the different
phase measurement techniques as well as temporal pulse compression will also be
discussed.
2.1 Introduction to nonlinear optics
Nonlinear optics can be described as the study of the interaction of intense laser light
with matter. It involves phenomena (SHG, TPEF etc.) that makes an appearance in
the presence of high intensity light interacting with matter. The nonlinear interaction
of high intensity light in a medium is understood to be as a result of the dielectric
polarization responding nonlinearly with the incident electric field of the light. To
demonstrate the appearance of the nonlinear phenomena, consider the Maxwell’s
equations:








Gauss’ Law for magnetic field ∇ · ~B = 0 (2.1.1c)
Gauss’ Law for electric field ∇ · ~D = ρ (2.1.1d)
where ~E is the electric field in space and time (~r, t), ~H is the magnetic field, ~B,
~D and ~J being the magnetic flux, electric displacement field and current density
respectively and ρ is the charge density. The electric displacement, ~D is related to
the induced polarization ~P by
~D = ε ~E + ~P (2.1.2)
where the polarization is the sum of all dipole moments in a volume given by ~P = N~p
with N being the number of dipoles per unit volume and ~p being the average dipole
14
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 2. THEORETICAL BACKGROUND 15
moment of the individual dipoles in the medium. In linear optics, the induced





where i (or j) = x,y,z coordinates with χ(1) being the proportionality constant known
as the linear susceptibility of the medium and ε0 is the permittivity of free space.
The susceptibility, χ is a property of the material and mediates the response to
the electric field and manifests in the polarization. Generally, the induced polariza-








ijklEjEkEl + ...] (2.1.4)
where i (or j) = x,y,z coordinates with χ(2) and χ(3) denoting the second and third
order nonlinear optical susceptibility tensors respectively. Equation 2.1.4 can be
decomposed into linear and nonlinear polarization component as ~P = ~PL + ~PNL.
Combining equations 2.1.1 and 2.1.2 and the relation ~B = µ0 ~H gives the general
wave equation









For a dielectric medium, the approximation ∇×∇× ~E = ∇(∇· ~E)−∇2 ~E ≈ −∇2 ~E
since ∇· ~E= 0 as a result of the absence of free charges in the medium. This reduces
equation 2.1.5 to:










Equation 2.1.6 can be converted into the frequency domain through Fourier transform













Ẽ = − ω
2
ε0c2
(P̃L + P̃NL) (2.1.8)
Given that χ(1) = n2 − 1 and n =
√
ε, where ε is the permittivity of the medium,
equation 2.1.8 can be simplified into the wave equation in nonlinear optical medium
as




where k is the wavenumber.
We will now briefly discuss a few of the orders of nonlinear processes contributing
to the polarization.
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2.1.1 Linear processes
This is the conventional optics where the induced polarization responds linearly on
the electric field as shown in equation 2.1.3. Linear processes dominate at low inten-
sities and account for common effects such as reflection, refraction and diffraction.
It accounts for optical processes such as linear (one photon) absorption (1PA) for
excitation wavelengths within the absorption range of a target sample. The photo-
energy deposited into the target sample as a results of 1PA, can be dissipated through
radiative (fluorescence and phosphorescence) and non-radiative processes [71, 72].
Repeated 1PA and energy dissipation can eventually cause irrevocable damage to a
sample [20].
2.1.2 Second order nonlinear processes
Second order processes involve the polarization responding quadratically to the ap-




ijk is the second order sus-
ceptibility tensor. For non-centrosymmetric materials this second order nonlinear
polarization provides a mechanism for three wave mixing processes [73, 74]. Consid-
ering an electric field
Ei(z, t) = Ai(z)e
i(kiz−ωit) + cc (2.1.10)
where Ai(z) and ωi are the amplitude and angular frequency respectively for each


















i(kj−kk)z−i(ωj−ωk)t) + cc (2.1.11)
with A∗k(z) being the complex conjugate of Ak(z). From equation 2.1.11, the first
exponential term of the polarization oscillates with the sum of two frequencies. This
is referred to as sum frequency generation (SFG). If ωj = ωk = ω, then this process
results in second harmonic generation (SHG) where ω + ω = 2ω. The second expo-
nential term demonstrates the origin of difference frequency generation (DFG) and
can be exploited in other processes such as optical parametric amplification (OPA)
which is used routinely in the generation of high-energy few-cycle pulses [75, 76].
2.1.3 Third order nonlinear processes
Cubic response of the polarization to the electric field strength results in the third






ijkl being the third or-
der susceptibility and a sum implied according to Einstein’s summation principle.
Third-order nonlinear processes always involve the interaction of three waves to pro-
duce a fourth wave and hence are referred to as four-wave mixing processes. χ(3)
processes are responsible for various wave mixing processes such as self-phase mod-
ulation (SPM), cross-phase modulation (XPM), third harmonic generation (THG),
stimulated Raman scattering (SRS) and other degenerate and non-degenerate four
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wave mixing (FWM) processes. A general overview of these processes are provided
in [77]. Generally in third order polarization, three incident waves with frequencies
ω1, ω2, ω3 interact in a medium to generate a fourth frequency ω4
E(t) = E1 + E2 + E3 =
1
2
{E(ω1)ei(ω1t) + E(ω2)ei(ω2t) + E(ω3)ei(ω3t) + cc}
Assuming a linearly polarized electric fields along the y-axis propagating in the z-
direction,
Ey(~r, t) = Ay(~r, t)cos(ωt) =
Ay(~r, t)
2
(e−iωt + c.c.) (2.1.12)
with ~r = (x, y, z) being the coordinates and again assuming that ω1 = ω2 = ω3 = ω
and that the amplitude Ay is real. This implies the third order nonlinear polarization
































y(~r, t)cos(3ωt) + 3A
2
y(~r, t)Ey(~r, t)] (2.1.13)
The first term in the bracket shows third harmonic generation (THG) which depicts
the NL polarization oscillating with 3ω. The second bracket term shows the original
field Ey(~r, t) modulated by the intensity Iy(~r, t) ∼ A2y(~r, t) depicting a self modi-
fication of the fundamental pulse. If the intensity varies over time, the resulting
nonlinear phase will also be time dependent. This leads to self phase modulation
(SPM) described in section 2.1.3.1 below.
From equation 2.1.4, it is evident that the response of any dielectric material thus
depends on two main variables ie the strength of the electric field ~E and the suscep-
tibility of the material to respond to the electric field. Typical system responses to
the variables are shown in figure 2.1 based on first, second and third order χ values
of 1, 1.94×10−12 m/V and 3.78×10−24 m2/V2 respectively[78]. It can be seen that
the higher the intensity of the applied field, the more noticeable the higher order
nonlinearities become.
2.1.3.1 Self Phase Modulation
Self phase modulation (SPM) is a transient phenomenon in which a pulse travelling
through a nonlinear (NL) medium encounters a time-dependent index of refraction.
It arises as a result of the intensity dependence of the refractive index [79] and is
the dominant nonlinear process in the generation of new frequencies in a material of
normal dispersion [80].
Due to the NL refractive index dependency on intensity, the time dependence relation
of the refractive index n(t) and intensity I(t) can be written (to a first order) by the
optical Kerr effect as [78]
n(t) = n0 + n2I(t) (2.1.14)
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Figure 2.1: Relationship between applied laser intensity and generated system responses
for linear and nonlinear processes (not drawn to scale). The inset shows the relationship at
lower field intensities. Linear responses are shown in black, second and third order nonlinear
responses are shown in red and green respectively. One can observe that at low intensities,
the linear processes dominate but as the intensity increases, the higher order processes
become noticeable.
where I(t) = 2n0ε0c|Ã(z, t)|2 and n0 and n2 are the linear and nonlinear refractive
indices respectively. Assuming an instantaneous medium response to the pulse in-
tensity and a small propagation length (z) so as to eliminate optical pulse reshaping
in the medium, the phase of the pulse changes by
φNL = −n2I(t)ω0z/c (2.1.15)
For a propagating pulse, this time-varying phase results in the spectral broaden-
ing of the incident pulse and the generation of a continuum of frequencies. The
instantaneous angular frequency ω(t) of the pulse is given by




The separation of the new spectral components from the carrier angular frequency ω0
increases with nonlinearity, peak power and propagation distance [81]. Although self-
phase modulation produces symmetrical spectrally broadened pulse thus suggesting
a pure phase shift which maintains the pulse envelope in time, material dispersion
causes the pulse to also spread in time. Simulations into the effects of SPM in
conventional optical fibre and ANDi-PCFs have been previously discussed by Heidt
[81].
The propagation of ultrafast laser pulses in Photonic crystal fibres (PCF) can induce
a large SPM to produce a white-light supercontinuum. This process is known as
supercontinuum (SC) generation. In order to generate SC pulses, there is the need
for pumping with high intensity pulses and thus the need for ultrashort laser pulses.
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2.2 Ultrashort pulses
Optical pulses generated by mode-locked lasers can have very short pulse durations.
Such pulses are commonly referred to as ultrashort pulses and typically occur on
time scales ranging from picoseconds (10−12 s) to femtoseconds (10−15 s) although
the use of attosecond (10−18 s) time scale pulses have reported [82–84]. Ultrashort
pulses can produce high peak powers with very low pulse energies. For example,
consider a pulsed laser with pulse energy of 12.5 nJ having a pulse duration of 80 fs.
Then from the relation: Peak power = Pulse energy/pulse duration, a peak power
of 156 kW is generated. High peak power (or intensity) ultrashort pulses have been
applied in the study of many processes such as laser machining and ablation and
multiphoton imaging and spectroscopy among others [85–87]. In microscopy for
instance, femtosecond time scales have paved the way for the study of many processes
such as DNA damage and repairs [30].
Due to the nature of ultrashort optical pulses, they inherently support a large fre-
quency bandwidth (∆ω). This can be illustrated using the time-bandwidth product
derived from the uncertainty principle for the energy-time,
∆E∆t ≥ h̄ (2.2.1)
with ∆E and ∆t being the standard deviation in energy and time for one standard
deviation change respectively and h̄ = Planck’s constant(h)/2π. Given that E = h̄ω,
it can be written as
∆ω∆t ≈ constant (2.2.2)
which shows the inverse relationship between the frequency bandwidth (∆ω) and
pulse duration (∆t) for transform limited pulses. Thus, ultrashort pulse generation
generally requires the use of lasers with large gain bandwidth. This makes titanium-
doped sapphire (Ti:Al2O3) (Ti-Sapp) lasers ideal due to their large gain bandwidth
(about 300 nm around a central wavelength of 800 nm resulting in over 106 longitu-
dinal modes) and broad tuning range. Ti:Sapp lasers are mode-locked through the
optical Kerr effect where an intensity dependent refractive index n = n0 + n2I is
induced in the Ti:Sapp crystal by the third order nonlinear susceptibility tensor χ(3).
2.2.1 Pulse representation
Descriptions of the electric field can be given in frequency or time domain. For a
monochromatic wave of frequency ω and position ~r,
~E(~r, t) = ~E0e
i(~k·~r−ωt) (2.2.3)








where Ẽ(ω) is the pulse envelope in angular frequency domain. Considering only
the electric field variation as a function of time, pulses can thus be represented as
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where ω0 is a carrier frequency of the pulse envelope with E(t) being the field enve-
lope. From equation 2.2.7, the total phase of the pulse can be written as
φTotal(t) = φ(t) + ω0t (2.2.8)







(φ(t)) + ω0 (2.2.9)
where ω0 is now the carrier frequency at the peak of the pulse. A pulse is chirped
(frequency modulated) if there is a temporal change in the instantaneous frequency




> /< 0. (2.2.10)
For a pulse traversing a medium, this chirp is as a result of material dispersion in
the medium.
2.2.2 Dispersion
The propagation of a broadband ultrashort laser pulse through a dielectric medium
results in the dispersion of the spectral components of the pulse due to the frequency
dependence of the refractive index n(ω) of the medium.
The spectral components therefore travel with different speeds which results in the
modification of the temporal pulse. More precisely, each of the spectral components
of the pulse, propagating through a dispersive medium of length L will acquire a
phase shift given by,
φ(ω) = k(ω)L (2.2.11)
where k(ω) = n(ω)ω/c is the frequency dependant propagation constant, n(ω) the
refractive index and c the speed of light. The functional dependence of phase shift,
or rather the relative phase shift between the spectral components contained in the
pulse, determines how the pulse profile changes as it propagates through the medium.
For the propagation of an ultrashort pulse through a dispersive medium, the velocity
at which the pulse envelope propagates is of key importance. This velocity, known as
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the group velocity vg, is defined as the inverse derivative of the propagation constant















For a dispersive medium where ∂n∂ω 6= 0, the vg varies as the pulse propagates through
the medium. To illustrate the influence this has on pulse propagation, it is customary
to compute the Taylor expansion of k(ω) about a central frequency ω0 of the pulse
k = k0 + k
′(ω − ω0) +
k′′
2!
(ω − ω0)2 +
k′′′
3!
(ω − ω0)3 + ... (2.2.13)
where (...) corresponds to higher order expansion terms. Substituting eqn.2.2.13
into eqn.2.2.11 gives a polynomial function of the order φ = φ0 + φ′ + φ′′ + ... where
it can be shown that φ0 = k(ω0)L is related to the phase velocity of the pulse,
φ′ = k′(ω − ω0)L relates to the group velocity of the pulse, φ′′ = k′′(ω − ω0)2L is

















The GVD per unit length is the group delay dispersion (GDD). Note that the GVD
is a purely medium dependent parameter and is responsible for the temporal pulse
broadening and compression.
For dispersed pulses, the uncertainty principle in 2.2.2 also holds. This uncertainty
can be rewritten as ∆ν ·∆t ≈ constant since ω = 2πν with ν being frequency. This
implies that as the spectral width (∆ν) increases, the temporal width (∆t) decreases
and vice versa. Please refer to [88] for detailed derivation with a summary given in
appendix A. For a Gaussian pulse, ∆ν ·∆t ≈ 0.441.
We have discussed ultrashort pulses and seen how dispersion occurs in dispersive
materials. Prominent dispersive materials such as plastic [89, 90] and glass [91, 92]
have for a long time been used in fibre optics fabrication. The next section discusses a
specific process that occurs in certain types of fibres. This process, which has gained
prominence in multiphoton microscope in the last few decades, is supercontinuum
generation.
2.3 Supercontinuum generation
The propagation of light through any dispersive material results in the spectral dis-
persion of the light. In a medium of high self phase modulation, a spectral continuum
can be generated. This spectral continuum is what is generally referred to as a su-
percontinuum (SC) [58, 93]. Although the term SC is currently in use, the name
has evolved since its discovery in the 1970s from superbroadening through anoma-
lous frequency broadening to a more recent white-light continuum [58]. Figure 2.2
illustrates spectral dispersion of a transform limited pulse propagating through a
photonic crystal fibre to produce a chirped supercontinuum pulse.
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Figure 2.2: Schematic representation of spectral broadening in a PCF showing a chirp-free
input pulse and the broadening and evolution of different spectral components in time as
the pulse propagates within the fibre. New frequencies are generated as a result of SPM and
the chirp as result of material dispersion within the fibre.
Alfano and Shiparo are credited as the first to report of SC generation in a bulk BK7
glass medium by propagating 5 mJ picosecond pulse with bandwidth of 50 nm to
span a spectral width of 400 - 700 nm [94]. However, SC generation in bulk materials
was found to be complex due to coupling between spatial and temporal effects. This
led to the study of SC in conventional optical fibres which involve purely temporal
dynamics.
SC generation in conventional fibres can be attributed to different nonlinear pro-
cesses depending on the dispersion profile of the fibre material and the wavelength
of the incident pulse. From expression 2.2.10, this dispersion can either be positive
(anomalous) or negative (normal). Anomalous GVD fibres have their zero disper-
sion wavelength (ZDW) closely matched to the central wavelength of the pump pulse.
Normal GVD fibres have their dispersion modified to provide a minimum dispersion
wavelength (MDW) close to the central pump wavelength in order to maximize spec-
tral broadening and as close to zero dispersion as possible without exhibiting ZDW
as the region of interest [80, 95].
Figure 2.3: Dispersion profiles for the two SC generation concepts showing the regions of
anomalous and normal dispersion regions. The ZDW for the conventional fibre is around
780 nm for pump wavelength of 800 nm while the MDW for the normal dispersion is centred
around 1050 nm. Profile taken from [80].
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Figure 2.3 shows a conventional fibre with a ZDW of 780 nm for a pump wavelength
of 800 nm and another fibre with a modified dispersion wavelength of 1050 nm. It
will be noticed that for the conventional fibre, the dispersion mechanism is dependent
on the pump wavelength. Pumping below the ZDW results in a negatively chirped
pulse and vice versa for pump wavelengths above the ZDW. Fibres that have their
entire dispersion profile in the normal region are known as All Normal Dispersion
(ANDi) fibres and have a negative dispersion irrespective of the pump wavelength.
The chirp introduced in the different dispersion regions and a spectrogram of the
supercontinuum process are shown in figure 2.4.
Figure 2.4: Dispersion profiles and simulated spectrograms of supercontinuum generation
(SCG) in fibres with (a) a single ZDW with anomalous GVD and (b) SCG in all normal
GVD optical fibre. Pump wavelengths are shown with the arrows for each behaviour profile
with corresponding spectral dispersion profiles shown. (Profiles and spectrograms taken
from [95]).
Spectral broadening in fibres is attributed to cascaded Raman scattering and SPM
[58, 81] although the role of cross-phase modulation (XPM) and other four-wave
mixing processes in contributing to the production of spectrally smooth output have
been reported [80, 96]. Spectral broadening in the anomalous GVD regime (+ve
dispersion) is predominantly dominated by optical soliton-related dynamics and was
first determined after theoretical analysis of the general nonlinear Schrödinger equa-
tion (GNLSE)[58]. Figure 2.4(a) shows the simulated profile and spectrograms for
conventional supercontinuum generation (SCG) pumped at the ZDW which is the
lowest limit for anomalous dispersion. The high intensities generated in the fibre
result in higher order dispersions and Raman scattering which hinder the evolution
of the solitons resulting in the breakdown of the pulses through soliton fission giving
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rise to extremely complex temporal and spectral profiles with substantial shot-to-
shot intensity and phase fluctuations (refer to figure 2.4(a)) thereby making them
unsuitable for noise-sensitive applications as well as ultrafast application requiring
temporal stability [80, 97, 98].
In the normal GVD region, self-suppression eliminates soliton effects. From 2.4(b),
the suppression results in the propagation of a single pulse which broadens in time
from its original duration. Supercontinuum generation in the all normal region begins
with the symmetric broadening of the pulse by self phase modulation (SPM) to form
spectral side lobes which are red and blue shifted on the leading and trailing pulses
edges respectively as explained by Heidt et al [99]. Due to the normal dispersion
at all wavelengths in this region, the blue shifted tail is overtaken by the faster red
shifted edge resulting in optical wave breaking (OWB) which is a degenerate four
wave mixing (FWM) process that adds additional spectral components to both ends
of the spectrum thus generating new wavelengths [97, 99]. There is therefore no
interference in temporal or spectral profiles as OWB assigns each wavelength to a
unique temporal position within the pulse [81, 99, 100].
Working in the normal dispersion thus provides the following advantages: minimum
temporal broadening and ultrabroad bandwidth due to low and flat dispersion, uni-
form and smooth temporal and spectral profiles, absence of spectral fine structure,
low noise-sensitivity and better temporal coherence properties since there is no tem-
poral breakup of the seed pulse which is the case of anomalous dispersion. In view
of these merits over anomalous GVD fibres, it is essential to work with fibres having
all normal dispersion (i.e. ANDi-fibres).
2.4 All Normal Dispersion Photonic Crystal Fibre
This section seeks to give a brief insight into the recently designed dispersion-
flattened dispersion decreased all-normal dispersion (DFDD-ANDi) photonic crystal
fibres. Consideration will be given to features that make them ideal for super-
continuum generation for biophotonic applications. We shall consider the effects
of birefringence in them and how to control these effects if any. We shall not fo-
cus on the simulations and models as that has been extensively covered by previ-
ous research works at the Laser Research Institute of the Stellenbosch University
[81, 95, 98, 99, 101–103].
2.4.1 Structure of ANDi-PCF
Photonic crystal fibres are fibres consisting of a uniform refractive index material
with a microstructure lattice of air holes embedded and running along the fibre
length unlike the conventional fibres that posses a uniform solid core and cladding
having different refractive indices. These air holes have a defined diameter, d and
are arranged with a hole-hole separation distance known as the fibre pitch Λ. The
size of d and Λ in conjunction with the dispersion profile of the material helps to
tailor the dispersion profile of the fibre [104]. There are different types of PCFs such
as index guiding (IG) PCF (illustrated in figure 2.5) and photonic bandgap (hollow)
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fibres [105, 106]. SC generation are best carried out with IG-PCF and types of these
fibres and applications have been described by Jin et al [107].
(a) Cross section of
hexagonal core PCF
(b) SEM of core
structure
(c) Dispersion profile of hexagonal
solid core (NL-1050-NEG-1, NKT
Photonics)
Figure 2.5: Structure and dispersion profile of hexagonal core ANDi-PCF. SEM image
taken from [80] and dispersion profile of NL-1050-NEG-1 with Λ = 1.55 µm and d/Λ = 0.37
(taken from [108]).
(a) Cross section of
PM-PCF
(b) SEM of PM-
PCF
(c) Dispersion profile of PM-PCF
(NL-1050-PM-NEG, NKT Photon-
ics)
Figure 2.6: Structure and dispersion profile of PM-PCF. SEM image taken from [109] is
for illustrative purposes only and does not represent the exact fibre used. The dispersion
profile of NL-1050-PM-NEG provided by NKT Photonics. The red and green lines represent
the fit for the orthogonal axes and the blue fit line represents the average fit.
In this work, the novel fibres used have been tailored in order to have the entire GVD
profile in the normal dispersion region with the minimum dispersion wavelength
(MDW) at 1050 nm. Such fibres are referred to as dispersion-flattened dispersion
decreased all-normal dispersion (DFDD-ANDi) PCFs and in-depth behaviours of
these fibres have been investigated by Heidt [80, 81]. In this work, pumping was
carried out at 800 nm meaning there is significant normal dispersion encountered
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during SC generation. It is important to note that subsequent reference to PCF or
simply fibres implies reference to DFDD-ANDi PCF.
In general, PCFs with d/Λ <0.43 exhibit single mode behaviour with no observed
propagation in higher order modes [107]. SC generation require highly nonlinear
PCFs which have a high air-fill fraction thus leading to strong confinement and
high nonlinear responses and widely tunable and controllable dispersion properties
in comparison to that of conventional fibres [107]. PCF structures with perfect rota-
tional symmetry have isotropic refractive index. However, the fibre fabrication and
drawing processes introduce some level of asymmetries which can yield some residual
birefringence. For this reason, it is important to either find a way of suppressing the
effects of induced birefringence by ensuing propagation along a confined one polar-
ization eigen axis or by inducing strong birefringence which is well defined within
the PCF during the manufacturing process. The latter approach has led to the de-
velopment of polarization-maintaining PCF (PM-PCF) which possess an elliptical
core structure due to the enlargement of two holes of diameter d2 (figure 2.6a). This
elliptical core creates a fast (minor) axis (crossing the two larger holes) and a slow
(major) axis perpendicular to the fast axis. Predictions of the polarization effects
and the studies of the optical properties of these fibres have been reported showing
that in the PM-PCF, polarization is known to be better confined in the slow axis
[110, 111].
As a recap, it has been established that high peak powered pulses injected into
PCFs induce higher order nonlinearities within the fibre. Self phase modulation is
the dominant nonlinear process for supercontinuum generation as it results in the
generation of new frequency components. Material dispersion within the PCF causes
the SC pulse to broaden in time thereby introducing a phase difference between the
spectral components. In order to regenerate transform limited pulses, it is essential
to determine the phase added as a result of the dispersion and compensate for it
accordingly. The next section discusses the phase measurements techniques which
can be used for pulse compression.
2.5 Phase measurement and pulse compression
Measurement of ultrafast pulses have evolved over the last few decades with different
techniques and variations being implemented due to the inability of fast detectors
to directly measure pulse features. There are many techniques to measure the pulse
duration and characterise the electric fields of ultrafast laser pulses in terms of phase
and amplitude [112–115]. Depending on the signal detection system, these measure-
ments can be carried out in either the spectral or temporal domain. Temporal domain
techniques involve measuring pulse characteristics directly in the time domain using
appropriate photo detectors. Measuring an event in time requires comparison with
an event on a shorter time scale. However with ultrashort time scale being the short-
est time scale, it is not possible to compare them on any other shorter time scale.
Therefore temporal pulse characterisation often require an intensity autocorrelation
with the pulse measured relative to itself or some form of spectral interferometric
technique such as Frequency Resolved Optical Gating (FROG) [116] and Spectral
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phase interferometry for direct electric-field reconstruction (SPIDER) [117].
In this section we discuss the concepts, process and some spectral domain techniques
that were employed in our phase measurements. We will however not touch on the
characterization of the exact laser used in this work as it has been discussed by
Bosman [118].
2.5.1 Spectral domain phase measurement techniques
Spectral domain pulse characterization techniques are measurements carried out in
the frequency domain and require the use of spectrometers for signal detection. It
involves measuring spectrograms of the pulse.
2.5.1.1 Frequency Resolved Optical Gating
Pulses can be characterised both in time and frequency domain by the implemen-
tation of a frequency resolved optical gating (FROG) technique [115]. Frequency
resolved optical gating (FROG) is an ultrashort pulse characterization technique
that permits the measurement of key pulse features such as pulse duration, time-
dependent electric field and/or frequency-dependent spectral phase [116]. It requires
the splitting of the pulse to be measured into two replicas and crossing them in
a nonlinear-optical medium [119]. Spectrograms of the nonlinear signal responses
are recorded as a function of the delay between the two pulses to produce a FROG
trace from which pulse information can be retrieved using FROG algorithms. There
are different versions of FROG depending on the gating mechanism with the most
popular variant being the second-harmonic FROG (SHG-FROG) which is based on
measurements from a pulse interacting with a copy of itself in a second order (χ2)
nonlinear crystals and can therefore provide much higher sensitivity although phase-
matching has to be carefully treated to eliminate pulse distortions [119]. Cross-
correlation FROG (XFROG) permits the use of an additional fully characterised
(known) intense reference pulse over the unknown pulse to be characterised. It is
more versatile and easier to perform as it does not require spectral overlap of the
known and unknown pulses and it does not require spectral interferometric align-
ment accuracy [115]. It is mostly used in situations where the use of normal FROG
is limited such as when the signal pulses are so weak to the extent that SHG-FROG
cannot retrieve them [114]. Other nonlinear geometries such as polarization-gated
FROG, self-diffraction FROG, transient-gating FROG have been discussed in detail
by Trebino [115, 116]. Avoiding losses in temporal resolution as a result of finite
beam angles when characterizing few-cycle pulses led to the creation of the collinear
geometry which include interferometric FROG (IFROG).
2.5.1.2 Collinear Interferometric Frequency Resolved Optical Gating
Standard SH-FROG, being a non-collinear technique, can be affected by geometrical
smearing of the pulse structure as a result of the finite crossing beam angles which
affects the quality of response especially when working with few-cycle pulses [120]. To
circumvent this, SH-FROG can be extracted using interferometric FROG (IFROG).
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IFROG works by spectrally resolving an interferometric autocorrelation. It employs
collinearly propagating beams and is the simplest FROG variation that can be imple-
mented in a pulse shaper [121]. IFROG in collinear geometry allows for tight focusing
which makes it more ideal for measuring pulses with low peak powers or when ex-
tremely thin nonlinear crystals are used. Furthermore, apart from algorithmic pulse
reconstruction, the conventional non-collinear FROG trace can be extracted from
IFROG [122].
Considering a complex electric field
ξ(t) = E(t)eiω0t (2.5.1)
where E(t) and ω0 represent the complex amplitude and carrier frequency respec-
tively. Gating with a copy of the pulse itself with a relative delay of τ , the second
complex electric field is given by
ξ(t− τ) = E(t− τ)eiω0t (2.5.2)




(ξ(t) + ξ(t− τ))2e−iωtdt
∣∣∣∣2 (2.5.3)









E2(t)e−i∆ωtdt|τ=0= EFROG(∆ω, τ = 0) (2.5.5)
A Fourier transform of equation 2.5.3 with respect to τ results in
ISHGIFROG(ω, τ) =
∣∣∣E(SH)(1 + e−i(2ω0+∆ω)τ ) + 2EFROG(∆ω, τ)e−iω0τ ∣∣∣2 (2.5.6)
which upon expansion reduces to










+ 2cos[(2ω0 + ∆ω)τ ]|ESH(∆ω)|2 (2.5.7)
Equation 2.5.7 consists of the SH-FROG trace and the delay-independent background
as the first two terms. The interferometric contribution and the SH background are
given as the third and fourth terms respectively. The interferometric technique thus
provides the opportunity to filter out the background from the trace.
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2.5.1.3 Multiphoton Intrapulse Interference Phase Scan
Multiphoton Intrapulse Interference Phase Scan (herein referred to as MIIPS) is
a collinear non-interferometric phase recovery technique that permits the iterative
spectral phase characterization and compensation of femtosecond laser pulses. MI-
IPS is primarily used to measure and compensate for spectral dispersion in order
to produce a transform limited pulse after a dispersive medium unlike conventional
cross correlation pulse measurement techniques such as FROG [116], SPIDER [117]
and background-free autocorrelation which measure only pulse characteristics and
require an autocorrelation or a cross correlation of two pulses to generate a signal.
MIIPS entails the modulation of the spectral phase of the pulse while simultaneously
recording the SHG spectra. Phase information is therefore measured directly from
the SHG spectrum of the pulse under investigation. It entails the use of a pulse
shaper such as a 4f shaper combined with a spatial light modulator (SLM) along
with an iterative algorithm to measure the group delay dispersion (GDD) and to
compensate for this measured phase distortion [67]. Unlike other techniques, the use
of beam splitters, autocorrelation or interferometry is not required. These are some
of the fundamental advantages of MIIPS over FROG and SPIDER [123].
The working principles of MIIPS are discussed in the works of Dantus [62, 63, 124].
It basically works by adding a periodic guess phase as a reference phase function to
the phase of the input pulse and determining the influence of this phase change on
the SHG spectrum of the pulse.
Figure 2.7: Schematic diagram of the MIIPS process. This includes the definition and
application of reference phase function onto the SLM (A), scanning over the laser pulse
to measure the SHG for each spectral phase (B). The SHG spectrum is recorded (C) and
the region where the scanning parameter δ is maximised is recorded (D). The process of
retrieving the phase is summarized in section E.
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For every spectral component in the pulse, the accompanying second harmonic gen-




|E(ω + Ω)||E(ω − Ω)|ei[φ(ω+Ω)+φ(ω−Ω)]dΩ (2.5.8)
with SHG intensity given by |E(2ω)|2 and the total spectral phase written as φ(ω) =
ψ(ω)+f(ω), where ψ(ω) and f(ω) represent the unknown input laser phase and guess
reference phase functions respectively. The aim of the technique is to determine the
guess phase function parameters for which the second harmonic intensity is max-
imised for each component. The guess phase function is a sinusoidal function given
by
f(ω) = αcos(γ(ω − ω0)− δ) (2.5.9)
where α is the amplitude, γ is the duration of the guess reference phase function and
is inverse of the modulation frequency and δ is the scanning parameter ensuring that
reference function samples all the frequencies in the bandwidth in order to determine
the phase deviation across the entire spectrum [124]. A Taylor expansion of the phase
term and neglecting third and higher order terms gives:
E(2ω) ≈ e2iφ(ω)
∫




with the GDD = ∂
2φ(ω)
∂ω2
. The SHG is maximised when the GDD is zero such that
∂2φ(ω)
∂ω2
= ψ′′(ω) + f ′′(ω) = 0 (2.5.11)
ψ′′(ω) = −f ′′(ω) = −αγ2cos[γ(ω − ω0)− δmax(ω)] (2.5.12)
From equation 2.5.12, the unknown phase can be determined from the maximum of
the ψ′′
|ψ′′(ω)|= αγ2 (2.5.13)
A first estimate of the GDD is derived by substituting f ′′(ω) for each frequency ω
from which a double integration results in the first estimated spectral phase which
from equation 2.5.12 is the negative of the phase. Adding this phase to the SLM
and repeating the process for a number of times until the phase converges ensures
that a maximum phase retrieval is achieved. This process provides simultaneous
phase measurement and compression which is a key merit of MIIPS. The MIIPS
process is summarized in figure 2.7. Although MIIPS offers simultaneous phase
measurement and temporal compression and is insensitive to phase matching in
the nonlinear medium, it is limited in the dispersion orders it can compensate for.
MIIPS only considers second order dispersions corrections and neglects higher order
dispersions [67, 124]. It also requires repetitive measurements making it relatively
time consuming.
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2.5.1.4 Ptychography
This work involves the use of time domain ptychography. It is a modification of
spatial ptychography which is known to be a robust lense-less imaging technique
used to recover lost phase information of an object [125]. Spatial ptychography
involves the iterative reconstruction of the real space image of an object from a
series of far-field diffraction patterns. The diffraction patterns recorded between
successive iterations are from overlapping regions as a result of transverse shifts
in the illumination beam. This shift is achieved by either moving the object or the
illumination source. The larger the overlapping regions, the better the phase exacted
and the redundant information from this region helps to improve the convergence of
the phase reconstruction algorithm [126]. In spatial ptychography, an object o(x) is
illuminated by a known probe beam at a known position p(x− x1) where x1 is the
position of the probe relative to the object positions (x) and the far field diffraction
patterns In(X) at positions (X) is given by
In(X) = |F{o(x)p(x− x1)}|2 (2.5.14)
with F and ’n’ being a Fourier transform operator and iteration number respec-
tively. The diffraction patterns produce a spectrogram and the real space amplitude
and phase are retrieved by feeding the recorded spectrogram into a ptychographic
iterative engine (PIE) [127].
Spangenberg et al. adapted this spatial technique into the temporal domain by
recording the diffraction patterns in time instead of spatial coordinates. This is what
is referred to as time domain ptychography [69, 126]. By analogy, beam position is
a temporally delayed probe P (t−∆t) and a recorded spectrum In(ω) serves as the
far field diffraction measurement. The spectrum is achieved by the product of the
probe with an object O(t) such that
In(ω) = |F{O(t)P (t−∆t)}|2 (2.5.15)
Time domain ptychography starts by defining an arbitrary choice of object function
which is multiplied by a defined time delayed probe function. The product of the
object field in frequency Gn(ω, n∆t) can be determined from the Fourier transform
of the product of the object field in time Gn(t, n∆t) and replaced with the measured
spectrum S(ω, n∆t) (with the phase preserved). A new exit field G′n(ω, n∆t) can be
calculated using the square root of the measured spectral amplitude while maintain-
ing the spectral phase (6 ) of the exit field such that G′n(ω) =
√
Sn(ω)exp(i6 (G(ω))
upon which the corresponding exit field back in the time G′n(t) = (t, n∆t) can be
determined by taking an inverse Fourier transform. The new object field in time,
O′n(t), is obtained by feeding the temporal exit field into a time domain PIE algo-
rithm for reconstruction. A schematic for this reconstruction algorithm is illustrated
in [126]. For each exit field and its corresponding updated exit field, the difference
is used to correct the object function
On+1(t) = On(t) + βU(t− n∆t)× [G′n(t, n∆t)−Gn(t, n∆t)] (2.5.16)
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α <1 is determined by the noise level of the system and 0< β <1 is determined by
the pulse duration. If the probe is to be updated, then an extended PIE (ePIE)





2.5.1.5 Collinear time domain ptychographic phase measurement
This is a modification of the time-domain ptychographic iterative engine in a single
beam geometry and thus termed as collinear ptychographic phase measurement.
It employs a single beam approach as opposed to having separate object and probe
pulses. Similar to MIIPS, pulse characterisation occurs at the position of the sample,
after the focus of the microscope objective and also requires an SLM in a pulse shaper
to generate an object and probe pulse from the single beam. The reconstruction
algorithm is as shown in fig.2.8.
Figure 2.8: Schematic diagram of how the time-domain ptychographic phase measurement
process works. The initial guess field is applied to a transfer function to generate an object
function which is Fourier transformed to produce a spectrum. The amplitude of the spectrum
is analysed with the PIE algorithm after an inverse Fourier transform in order to generate
the corrected object function. The update steps is enclosed within the dotted lines.
It involves the use of a spectrogram Sn(ω) as an input where n denotes the acquired
spectrogram number. This spectrogram is recorded by multiplying an electric field
E0(t) to a known quadratic phase-only transfer function
Hn(ω) = exp(i(ω2q.sn)) (2.5.19)
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where ω is the angular frequency for each nth measured spectrum and q is the
quadratic phase on the SLM for each scan step s. The q parameter is scanned between
a maximum and a minimum quadratic phase where qmin = −qmax. The spectrogram
is then generated through a Fourier transform (F ) of the product of On(t) with itself
after focusing into a nonlinear crystal to generate a frequency doubled light.
Sn(ω) = |F{On(t)}2|2 (2.5.20)
Due to the measurement of the square of an output object field after applying a
known transfer function to the input electric field, this technique is known as i2PIE
[70] and will be referred to as such throughout this report. The recorded spectrum
is Fourier transformed into the temporal domain and fed into the time domain PIE
algorithm [129] to produce a new object function O′n(t) which results in On(ω) upon
an inverse Fourier transform. The final step unique to i2PIE is the update of the






where H∗n(ω) is the complex conjugate of the initial transfer function Hn(ω).
Collinear ptychographic phase measurement (i2PIE) offers a number of advantages
over MIIPS as a pulse characterization technique. In i2PIE, only a single scan needs
to be taken after which the measured spectrogram is passed to the PIE reconstruc-
tion algorithm whereas MIIPS requires multiple scans and a feedback system for
characterization making i2PIE a faster technique. Furthermore, i2PIE enables the
reconstruction of not only the phase information but the amplitude information as
well. The lack of amplitude reconstruction is a limitation of the standard MIIPS
which is a phase-only characterization technique [64]. Furthermore, this collinear
i2PIE technique is not limited to second order dispersions only as in the case for
MIIPS but can characterize higher order dispersions as well.
2.5.2 Pulse compression
Pulse compression is a method of reducing the pulse duration of ultrashort pulses.
The process is used to compensate for chirp resulting from dispersion. It can be
achieved using different dispersive optical elements and in specific geometric config-
urations. Common optical elements used include chirped mirrors, prism pairs and
diffraction gratings.
As previously stated, MIIPS measures the spectral phase. Using a pulse shaper, a
negative value of the measured phase can be added to the SLM in order to com-
pensate for any phase difference and produce a transform limited pulse (refer to
equation 2.5.12). Likewise, time domain ptychography can be used to determine
the unknown spectral phase of a temporally stretched pulse, and therefore the pulse
shaper can again be used to apply the appropriate phase retardation values in order
to compensate for the dispersion and compress the pulse. Therefore, aside the optical
elements, pulse shapers can be used for pulse compression as have been demonstrated
by [63, 70, 129]. A combination of static optical elements and pulse shaper provides
better compression as they compliment each other with the chirped mirrors reducing
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the amount of phase that the 4f-shaper has to compensate for thus making it more
efficient. The 4f-shaper also compensates for phases distortions that the chirped
mirrors were not able to correct. In this work, a combination of two chirped mirrors
and a pulse shaper was used in the pulse compression.
As stated earlier, the spectral domain phase measurement techniques discussed above
have been applied in the nonlinear imaging system developed. The next chapter
discusses the specific sections for which these phase measurement techniques applied





In this chapter, detailed descriptions of the experimental setup and procedures are
provided. The setup for the generation of a broadband supercontinuum (SC) pulse
is presented. The system features, procedures for phase measurement and the appli-
cation of these measured phases to generate near transform limited pulses from the
broadband SC pulse are also be presented. The integration of these near transform
limited pulses into the custom-built nonlinear microscope are discussed. Calibration
of the system and optimization procedures carried out will also be considered.
3.1 Experimental setup
In order to perform multiphoton microscopy, very high peak intensity pulses need to
be generated at low average powers. With peak intensity being inversely proportional
to the pulse duration, optical pulses with very short durations (ultrashort pulses)
are required. In our setup, a femtosecond titanium-doped sapphire (Ti:Sapp) laser
was used to pump a photonic crystal fibre whose output was then compressed to
generate ultrashort pulses. To create femtosecond pulses, a pulsed Ti:Sapp solid
state laser (Spectra-Physics Tsunami) was used. Laser configurations are found
in [130]. Its Ti:Sapp rod is pumped with a Nd:YVO4 pump laser (Spectra Physics
Millenia V) and mode-locked with an acousto-optics modulator to generate a spectral
output spanning a broad wavelength range (760 -840 nm) in the near infrared (NIR).
The spectral output used in this work has an average output power of 1 W and is
centred at 800 nm with a spectral width of 13 nm and 80 MHz repetition rate. This
output beam is what was used in our microscopy setup. It should be noted that all
measurements in this work were carried out with a horizontally polarized beam.
The microscopy imaging system is made up of three distinct sections; supercon-
tinuum generation, phase measurement and pulse compression, and the imaging
configuration. These sections will be discussed separately.
3.1.1 Supercontinuum generation: setup and procedure
The supercontinuum generation features tightly coupling a high peak power laser
pulse into a highly nonlinear dispersion-flattened dispersion-decreased all normal dis-
35
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persion photonic crystal fibre (DFDD ANDi-PCF). Two types of PCFs were studied,
a non polarization maintaining (NL-1050-NEG-1, NKT Photonics) and polarization
maintaining (PM-) PCF (NL-1050-PM-NEG, NKT Photonics). It should be noted
that the PM-PCF used in this work is an experimental version and therefore the
exact details on this fibre is purely dependant information provided by NKT pho-
tonics. (The dispersion profiles of the fibres used are shown in figures 2.5 and 2.6 in
the previous chapter).
Due to the fabrication method, these fibres are slightly birefringent. For each PCF,
light couples into both the fast and slow axes producing two temporally decoupled
polarization components. In view of this, and taking into account that polarization
is better confined to a particular axis (e.g. better confined in the slow axis for PM-
PCF), it is essential to analyse the polarization of the fibre input and output beams
for optimal transmission.
As shown in figure 3.1, transmission studies were carried out by placing the PCFs be-
tween two half wave plate polarizers (HWP)(λ/2); an 808 nm zero order λ/2 (Thor-
labs) to vary the input wave polarization into the fibre and a broadband achromatic
HWP (λ/2 690 - 1200 nm (Thorlabs)) to vary the polarization of the SC beam
for optimal transmission relative to the horizontal broadband polarizer (Thorlabs
LPVIS100, 550 nm - 1.5 µm).
Figure 3.1: Schematic diagram of the supercontinuum generation setup consisting of the
the femtosecond (fs) laser; half wave plate (λ2 ); polarization beam splitter (PBS); Faraday
isolator (F.I.); photonic crystal fibre (PCF); focusing lens (L); neutral density filter (NDF).
The PCF spectral output is broader than the spectral input as a result of the SC generation.
The optimal output from the PCF for a particular axis was obtained by measuring
the power after the polarizer with a power meter (Thorlabs PM160D). This was
achieved by iteratively measuring the PCF output power for a given polarization
as a function of the incident pulse polarization orientation, as controlled by the half
wave plate directly in front of the PCF. The exiting SC beam consists of two separate
beams corresponding to the fast and slow axes transmissions and are therefore shifted
by 90 degrees relative to each other. Therefore the exit beam is a superposition of
two cos2 graphs. The spectral profile of the generated supercontinuum beam was
analysed for each input-output polarization pair by coupling into a spectrometer
(Avantes AvaSpec-3648). It should be noted that the beam after the polarizer is
re-oriented horizontally.
3.1.2 Pulse characterization setup
Knowledge of the nature of the pulse in the object plane is essential in understanding
the dynamics of the signal responses measured. In this section, a detailed description
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is given into the components and features used in determining the characteristic
features of the SC pulse. Pulse characterization techniques used in this imaging
setup include broadband dispersion control with chirped mirrors, MIIPS and i2PIE
as collinear spectral phase measurement techniques used for pulse compression. The
schematic of the characterization and compression setup integrated with the SC
generation is shown in 3.2.
Figure 3.2: Schematic diagram of the compression setup showing the region of supercon-
tinuum generation, pulse characterization and compression as well as imaging configuration.
Figure 3.3 shows the computer-aided design (CAD) of the supercontinuum generation
setup and the pulse characterization setup up designed before construction. Separa-
tion between the SC generation components and the characterization components is
shown with the dash blue line while the red dashed line shows the illumination path
used when working with the pulse originating directly from the oscillator. The path
of the beam as a result of SC generation is shown with the solid red line.
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As stated in section 2.2.2, the pulse also undergoes dispersion during the SC gen-
eration. This dispersion has to be compensated in order to compress the pulse.
Pulse pre-compression was carried out by the use of chirped mirrors. The spectrally
broadened SC pulse undergoes 48 bounces between two chirped mirrors (Thorlabs
DCMP175, 700 nm - 1000 nm, >99% reflectance, -175 fs2 GDD compression per
reflection). The basic working principle of the chirped mirrors is briefly explained in
section 3.1.2.1 below.
The pre-compressed beam from the chirped mirrors (which will be referred to as
chirped mirror (CM-) compressed pulse for the rest of this report) goes into a pulse
shaper consisting of two diffraction gratings (Thorlabs GR13-0608, 600 grooves/mm,
750 nm blaze, 13°0’ blaze angle), two plano cylindrical lenses (Laser Components
GmbH AR/AR800 RCX12.5-75-113UV) and a 1-D computer addressable spatial
light modulator (SLM)(JenOptik SLM 640-d). The components were arranged in a
4f configuration similar to that outlined by Weiner et al [131, 132] and elaborated
in section 3.1.2.2. After the 4f shaper the pulse is focused into a 100 thick µm β-
barium borate (BBO) crystal used to generate SH signals which were collected by
a fibre coupled spectrometer (Avantes-AvaSpec-3648) after passing through a band
pass emission filter (Thorlabs FBG39) used to block the fundamental laser.
As stated previously above, the phase measurement setup which is subsequently
used for pulse compression consist basically of chirped mirrors and a 4f-shaper. The
following subsections discusses the major components in the characterization section
of the setup.
3.1.2.1 Pre-compression with chirped mirrors
Chirped mirrors (CM) are multilayered mirror coatings that exhibit a constant GDD
over a frequency range as a result of the group delay varying linearly with frequency.
These layers are made of dielectrics such as silicon dioxide (SiO2) with refractive
index, n = 1.45 and titanium dioxide (TiO2) with n = 2.3 [133, 134]. CM work on
Figure 3.4: Schematic representation of chirped mirrors. Longer wavelengths travel a
further distance and are reflected on a deeper layer than shorter wavelengths. The layers
consist of SiO2 and TiO2.
the principle of interference of light reflected of the different dielectric layers and can
be designed to exhibit constant negative GDD for normal dispersion compensation
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[133]. Detailed design of each section and derivations of laws governing the functions
of chirped mirrors are presented in [134]. In typical glass, longer wavelengths have
lower wavelength dependent indices of refraction than shorter wavelengths as such the
shorter wavelength components cover a shorter distance through the mirror than the
longer wavelength components before being reflected. For example, consider the red
and blue wavelengths in figure 3.4. Red light is known to have a longer wavelength
(≈ 600 nm) and so travels a longer distance before reflection as compared to the
blue with a shorter wavelength (≈ 400 nm). Hence the group delay of the bluer
components are less than that of the redder components.
3.1.2.2 4f Shaper
A 4f Shaper is a pulse shaper which makes use of Fourier transform methods to
manipulate the phase and amplitude of quasi narrow bandwidth sections of a mode-
locked pulse spectrum in order to produce a desired output pulse spectrum and pulse
duration. Although there are different configurations [135], the specific configuration
used in this work is shown in figure 3.5. This geometry is known as a zero-dispersion
compressor because ideally it creates a pulse free of temporal dispersion and therefore
produces an output pulse identical to the input pulse. It is however commonly
referred to as a 4f shaper due to the configuration of the components.
Figure 3.5: Schematic diagram of a Fourier transform pulse shaper showing the projections
of spectral components onto the focal plane.
A diffraction grating angularly disperses the incoming pulse into spectral components
and projects them onto the back focal plane of a lens placed at its focal length f from
the grating. This ensures the projection of a planar wavefront into the Fourier plane.
A pulse shaper can be placed as a mask in the Fourier plane to provide active control
of the ultrashort pulse reaching the plane. Manipulation of spatial frequencies in the
Fourier plane enables filtering of the input field. The second lens and grating are
also placed at distances f and 2f respectively from the Fourier plane to recombine
all the frequencies into a single collimated beam. The shape of this output pulse is
determined by the Fourier transform of whatever pattern is transferred by the mask
onto the spectrum.
As stated earlier, a liquid crystal spatial light modulator (LC-SLM) was used as
a pulse shaper mask in this work although there are many other options such as
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acousto-optic elements and deformable mirrors [131]. A LC-SLM in a Fourier trans-
form pulse shaper relies on the Fourier transform between the time and frequency
domains and provides an inherent high efficiency compared to the other techniques
and is independent of pulse repetition rate [135]. Direct shaping of ultrashort pulses
in the time domain is non-trivial due to their short durations. As a result, placing
a SLM at the Fourier plane permits the modification of the individual spectral com-
ponents of the original pulse which translates to changes in the temporal domain.
For example, the use of a frequency domain mask function
M̃(ω) = Ã(ω)exp[i∆ϕ(ω)] (3.1.1)
in modulating the incoming spectral electric field Ẽin(ω) gives an outgoing shaped
spectral field such that
Ẽout(ω) = M̃(ω)Ẽin(ω) (3.1.2)
From the mask function, it shows modulation of the spectral amplitude Ã(ω) and
phase ϕ(ω) are possible. It should be noted that polarization shaping is also possible
with the use of a appropriate mask function [136].
3.1.3 Calibration of SLM
Spatial light modulators (SLM) allow for the modulation of phase and/or amplitude
of the pulse depending on the number of crystal layers. A double layered SLM allows
for independent shaping of amplitude and phase. It consists of two thin nematic
liquid crystals (LC) embedded between two Indium Tin Oxide (ITO) glass electrode
plates. The LC is made of pixelated electrodes as shown in figure 3.6a. The SLM
used in this work has 640 pixels. These pixels are oriented orthogonal to the chosen
(a) Layout of SLM Liquid Crystal (b) Liquid crystal pixel orientation
Figure 3.6: Mechanism for SLM liquid crystals for pulse shaping. Single layer SLM crystal
display for pulse shaping 3.6a. Double layered SLMs have two layers aligned and bonded
together. A close up of the orientation of pixels in ITO based on the application of an
electric field or otherwise is shown in 3.6b.
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polarization thereby creating an optical birefringence when no electric field is applied
to the electrodes. In the presence of an applied electric field in the (z-) direction of
propagation, these LC reorient along the z-direction hence reducing the birefringence
as shown in figure 3.6b [132]. Proper calibration of each pixel on each layer of the
SLM is required for effective pulse shaping due to the frequency dependent changes
in the index of refraction which become significant for pulses with durations less
than 30 fs [63]. SLM calibration maps each pixel to a specific wavelength within
the SC pulse making it possible to address each spectral component independently.
This calibration was performed experimentally by programming a slit on the SLM
which scanned the pixel array and collected the spectrum while mapping it to the
pixel number.
(a) Wavelength-position calibration of SLM (b) Angular frequency mapping of SLM cali-
bration
Figure 3.7: Calibration of SLM mapping pixel number to wavelength range. The red line
in figure 3.7a shows the wavelength-pixel range corresponding to the spectral range of the
SC. The corresponding frequency data is given in figure 3.7b.
3.1.4 Imaging detection setup
The custom-built detection system was modelled in SOLIDWORKS® 2017 using
CAD assembly parts from Thorlabs. As shown in figure 3.3, there are two pos-
sible beams that are used for imaging. The first is the beam originating directly
from the Ti:Sapphire oscillator. This will be referred to as the "fundamental" beam
for the rest of this work. The second beam is the spectrally broadened supercon-
tinuum source. When using the fundamental beam, the beam is expanded using
a beam expander (B.E.) with two achromatic lenses (Thorlabs AC254-050-B (f1 =
50 mm) and AC254-200-B (f2 = 200 mm)) arranged using the Keplerian geome-
try. This expanded the beam spot size from a diameter of ≈3 mm to a diameter
of ≈10 mm. However when using the SC beam, this beam expander was removed
since the SC beam was large enough (≈ 9 mm) to fill the back aperture of the mi-
croscope objective. Pulse propagation continues through a broadband achromatic
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polarizer (Thorlabs LPVIS050-MP2) and is reflected by a dichroic mirror (Thorlabs
DMSP650R) before being focused onto the sample through a microscope objective
(Olympus plan fluorite/IR 60x/0.9 air). The microscope (imaging system) builds an
image of a sample in a point by point manner, hence necessitating sample scanning.
Scanning was carried out using computer controlled piezo stages (Newport AG-LS
25) using a custom-built LabView program while detection was carried out in the
transmission geometry using a collector lens (Olympus plan achromat/10x/0.25 air).
Appropriate band pass emission filters were used to block illumination light and
transmit only required TPEF and SHG signals which were detected with a pho-
tomultiplier tube (PMT)(Hamamatsu H678003). The PMT was interfaced with a
digital lock-in amplifier (Zurich Instrument, HF2LI) to amplify the signal recorded
by the PMT while an optical chopper operating at 500 Hz was used to generate a
reference signal for the lock-in amplifier. TPEF and SHG imaging were carried out
using raster scanning. Motion control and data acquisition was carried out using a
custom-built Labview program. In addition, bright field images were taken using a
CMOS camera (Thorlabs DCC1545M, Monochrome sensor) with LED illumination
provided by an in-house built source. The complete integrated imaging system is
shown in figure 3.8. CAD models of the detection system are shown in figure 3.9
and the constructed system is shown in figure 3.10.
Figure 3.8: Integrated imaging setup showing the region of supercontinuum generation,
pulse characterization and compression as well as imaging configuration. Abbreviations:
PBC: polarization beamsplitter cube; HWP: halfwave plate, PCF: photonic crystal fibre;
SLM: spatial light modulator; FM: flip mirror, B.E.: beam expander; DM: dichroic mirror:
MO: microscope objective lens; CO: condenser lens, LED: while LED light source; PMT:
photomultiplier tube.
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3.2 Spectral phase measurements
In this section, the two main phase measurement techniques employed ie MIIPS
and i2PIE will be discussed. It is important to note that pulses discussed in this
section have already been pre-compressed by the chirped mirrors after undergoing
48 bounces with a compression of -175 fs2 per bounce. Pulse compression involve the
determination of the spectral phase distortions of the pulse in the focal plane of the
microscope and compensating for this phase by applying a negative of the measured
phase onto the SLM in order to compensate for the distortions.
For the spectral phase measurements, it should be noted that both MIIPS and i2PIE
characterizations were carried out using SHG signals generated from a 100 µm thick
BBO crystal after focusing tightly with a 0.9 NA microscope objective. The signal
was collected via a fibre coupled into a spectrometer interfaced with a custom-built
Labview program.
3.2.1 MIIPS measurements
As stated in section 2.5.1.3, MIIPS works by adding a guess reference phase function
to the phase of the input pulse and iteratively scanning over the laser pulse while
determining the influence of the phase change on the SHG spectrum of the pulse.
Experimentally, this is achieved by programming the reference phase function onto
the SLM. This guess phase function now serves as a mask function which iteratively
reduces or cancels phase distortions along the spectrum. This reference phase func-
tion (equation 2.5.9) of amplitude α and duration γ is scanned over a parameter δ to
satisfy the Nyquist condition. The guess reference phase function parameters used
as a guess function in this work include an amplitude (α) of 35 rads, duration (γ) of
20 fs and a δ value from 0 to 4π in 256 steps. These parameters were chosen based
on extensive measurements previously performed on the setup where combinations
of α and γ were examined to determine the best phase determination parameters
for this particular setup [137]. The guess phase function is scanned across the input
pulse and the spectrogram is recorded by collecting the SHG spectrum for different
δ values. This spectrogram is what is referred to as a MIIPS trace. The phase values
of each angular frequency (ω) component can be extracted from the MIIPS trace
values of δ corresponding with ω where second harmonic is maximised. A successful
spectral phase distortion measurement is indicated by recording SHG traces that are
equidistant apart, parallel and approximately straight. A schematic representation
of the MIIPS process is as illustrated in figure 2.7 in the previous chapter.
3.2.2 i2PIE measurements
The i2PIE phase measurement follows the schematic process outlined in figure 2.8.
It starts with the initial guess of the input pulse. Here, a transform limited Gaussian
pulse of duration 200 fs FWHM was assumed. The object field in the time domain
On(t) is created by applying this input pulse to a quadratic phase-only transfer
function given by equation 2.5.19. The object function is multiplied by itself to
form a product field in the time domain Gn(t) whose Fourier transform into the
frequency domain Gn(ω) yields a second harmonic spectrogram of intensity Sn(ω).
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For example, figure 3.11 shows a measured i2PIE spectrogram for n = 51 measured
spectra. This spectrogram is used as the input for the i2PIE phase reconstruction
after an inverse Fourier transform into the time domain. For the ptychographic
phase reconstructions, an α = 0.0001 and β = 0.3 were used in equations 2.5.16
and 2.5.17. The reconstructed object field O′n(t) is Fourier transformed into the
Figure 3.11: Spectrogram for i2PIE phase reconstruction. Each n’th spectrum is recorded
by applying each transfer function in equation 2.5.19 sequentially to the unknown object
signal.
frequency domain and the electric field of the input pulse is updated.
Once the spectral phase for both MIIPS and i2PIE have been determined, the nega-
tive value of the measured phase for each spectral component is applied to the SLM
in the Fourier plane thus compensation for the phase distortions of the incoming
pulse and generating compressed pulse.
3.3 Characterization of the imaging system
This section discusses the characterization of the imaging components. This includes
the determination of the pulse durations achieved after compressing the pulse. It
also discusses the steps employed in measuring the spot size of the compressed pulses
in the focus of the microscope objective. The spatial resolutions and contrast deter-
mination procedures will also be discussed.
3.3.1 Determination of pulse duration
The pulse duration at the sample plane of the beam originating directly from the
oscillator (fundamental beam) was estimated based on the documented GVDs of
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the optical materials the beam traverses during propagation due to complications in
employing other pulse measurements techniques at the sample plane. Pulse durations
for the SC source were determined using a pulse shaper assisted frequency resolved
autocorrelation. It requires the scanning of two identical replicas of the input pulse
in a nonlinear medium and measuring the nonlinear response as a function of the
delay between the replicas. These two replicas can be generated due to the ability
of the pulse shaper (SLM) to control the spectral amplitude and/or phase. The
delay scan can be achieved by either simultaneously shifting the carrier envelope and
carrier phase or only shifting the envelope while keeping a fixed carrier phase [121].
The waveform of the two replicas is given by [121]
E(t) = E0(t+ τ/2)e
iω0(t+Γτ/2) + E0(t− τ/2)eiω0(t−Γτ/2) (3.3.1)
where ω0, τ , Γ represent the carrier frequency, temporal delay between the two
replicas and the carrier phase shift respectively with 0 < Γ < 1. For Γ = 0, there is
no carrier phase change and for Γ = 1, there is a phase shift with the carrier envelope
resulting in interference patterns.
For pixelated devices such as the SLM used in this work, waveform distortions can
occur. For example, the gaps between two adjacent pixels allow some spectral com-
ponents to pass through unmodulated which result in unwanted replicas at t=0 in
the Fourier domain. Such distortions and effects are highlighted in [121]. To circum-
vent this problem, it is advisable to fix one replica at t=0 and scan the other replica.
This approach was applied in this work and the spectral transfer function applied to




[1 + ei[ω−(1−Γ)ω0]τ ] (3.3.2)
Spectrally resolving the second harmonic signal generated from a BBO crystal pro-
duces a time-frequency spectrogram where the interference fringes can be adjusted
by varying the Γ parameter. For example, figures 3.12a and 3.12b show measured
time-frequency spectrograms for Γ = 0 and Γ = 1 respectively. The corresponding
autocorrelation traces are shown in 3.12c and 3.12d. Figures 3.12a and 3.12c show
an interference free signal while 3.12b and 3.12d mimic a frequency resolved auto-
correlation signal as reported by [120–122]. Due to the non-interferometric nature of
this technique and the collinear geometry employed, this technique will be referred
to as non-interferometric collinear autocorrelation (NICA).
NICA provides a pulse duration comparable to durations measured with interfero-
metric autocorrelation as can be seen in figure 3.12e where the autocorrelation traces
of the NICA and collinear interferometric autocorrelation are superimposed and fit-
ted with a Gaussian. The full width at half maximum (FWHM) of an autocorrelation




Applying equation 3.3.3 to the fits in figure 3.12 as an example shows an average
duration of (18.3±1.0) fs for NICA trace and (17.6±1.0) fs interferometric technique.
This clearly indicates that both techniques offer same results, however NICA requires
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(a) Spectrogram for non-interferometric
autocorrelation






(e) Superposition of interferometric
and non-interferometric autocorrelation
traces
Figure 3.12: Measured time frequency distribution spectrograms for (a) Γ = 0, (b) Γ = 1
and the corresponding autocorrelation traces shown in (c) Γ = 0, (d) Γ = 1. Figures (c) and
(d) are superimposed in (e). Figures (c),(d) and (e) are fitted with a Gaussian to indicate
the temporal duration.
fewer data points. This greatly reduces the data acquisition and computational
processing time.
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NICA was chosen over interferometric autocorrelation techniques because of the
simplicity in its implementation in collinear geometry as well as the need to ensure
complete modulation of the entire SC pulse.
3.3.2 Spot size determination
The beam spot size in the focus of the microscope was determined by adapting
a technique analogous to the open aperture z-scan technique which is a method
usually used to measure the nonlinear index of refraction and absorption coefficient of
materials [138, 139]. By moving a nonlinear crystal (urea crystal in our case) through
a tightly focused Gaussian beam, the second harmonic intensity (ISH) generated
scales with the square of the incident intensity (I) i.e. I ∝ I2SH . The interaction
Figure 3.13: z-scan technique for determining the Rayleigh lengths for the focused laser
beam. The signal response recorded on the detector is dependent on the position of the
sample in the focus of the excitation lens.
between the nonlinear crystal and the laser intensity at any (z) position relative to
the focus (z = 0) results in different signal intensity generated. Maximum signal
generation occurs when sample is in the focus as this correlates with the highest
incident intensity. Thus the signal measured from this analogous z-scan technique
can be treated as a Gaussian profile.
For a Gaussian beam of waist radius w propagating in the +z direction from the
beam waist, the intensity profile has the form [140]






where I0 is the on-axis intensity ie I0 = I(0, 0). The beam radius w(z) is related to








where w0 = w(z = 0) and Z0 is the Rayleigh or diffraction length of the beam. Z0






CHAPTER 3. EXPERIMENTAL PROCEDURES 51
and λ = 2πc/w0 with c being the speed of light in vacuum. The radius of curvature








For a Gaussian beam, integrating equation 3.3.4 gives the fundamental power, Pw,





The generated second harmonic intensity is related to the fundamental intensity by








with η being the second order NL conversion efficiency constant. Integrating over
























Setting K = ηP 2w/πw20 implies
P2w =
K
1 + ( zZ0 )
2
(3.3.13)
Thus the SHG signal gives a peak function governed by equation 3.3.13 from which
the Rayleigh length can be extracted and from equation 3.3.6, the beam radius and
spot size can be determined.
Second harmonic data for each sample position relative to Z0 was recorded for the
fundamental beam as well as the MIIPS and I2PIE phase compensated pulses by
focusing into a 100 µm thick BBO crystal. The signal generated was recorded by
a Hamamatsu PMT interfaced with a lock-in amplifier (Zurich Instrument). The
measured intensity responses were fitted with the peak function in equation 3.3.13
with K and Z0 as fit parameters.
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3.3.3 Spatial resolution and contrast measurements
Lateral resolution (resolution in the direction perpendicular to the beam propaga-
tion) of the system was determined using recrystallized urea crystals through the
z-scan method discussed in section 3.3.2. It should be noted that the scope of
this work is limited to 2D images and as a result, axial resolution measurements
were not carried out. The spot size obtained is an indication of the smallest pos-
sible beam diameter in the focus of the microscope objective. Minimum resolvable
distance was estimated by measuring the fluorescence intensity across fluorescent
microbeads stained with "Light yellow" fluorophores (FP-2045-2, Spherotech) with
2.00±0.03 µm average size and 405/450 nm peak absorption/emission wavelengths.
Refer to figure 3.14 for micrograph of beads and measured fluorescence spectrum
recorded with an in-house developed portable fibre-probe fluorescence detection sys-
tem [141]. Beads were sonicated in methanol and spin coated onto a microscope
cover slide for fluorescence measurements. It should be noted that these beads were
only used for system calibration purposes due to their well defined dimensions.
(a) Micrograph of FP-2045-2 fluorescence
beads
(b) Emission spectrum of FP-2045-2 fluores-
cence beads
Figure 3.14: Micrograph of fluorescent beads imaged through a 60X microscope objec-




This chapter showcases the various measurements carried out throughout the course
of this work. It focuses on exploring the unique features of the nonlinear microscopy
system constructed. It presents and discusses the spectral features of the polarization
maintaining PCF used. This chapter also presents a comparative analysis of the new
i2PIE phase measurement technique with the commonly used MIIPS technique. The
characteristic features of each technique and how they contribute to the generation
of compressed pulses which can be used to generate high peak intensity pulses for
nonlinear microscopy will also be presented and discussed. For direct comparative
analysis of results, all measurements were conducted under same conditions. Where
conditions differ, a vivid clarification will be given accordingly.
4.1 Laser characteristics (fundamental pulse)
The spectral output from the Spectra-Physics Tsunami laser was measured with a
fibre coupled spectrometer. The measured spectral intensity is shown in figure 4.1
Figure 4.1: Spectral intensity profile of the Tsunami laser (black dots) with a Gaussian
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where the peak wavelength λ0 = 800 ± 1 nm. The measured spectral full width
at half maximum (FWHM) bandwidth is ∆λ = 13.4 ± 1 nm. This corresponds to a
frequency bandwidth (∆ν) of 6.27 THz from the relation ∆ν = c∆λ
λ2
. For a transform
limited (TL) Gaussian pulse, the spectral bandwidth (∆ν) and temporal duration
(∆τ) are related by ∆ν∆τ ≈ 0.441. Therefore for a given TL Gaussian pulse, the





Assuming a TL Gaussian pulse, the calculated pulse duration of the fundamental
beam at the exit of the oscillator is 70.3 fs. However, previous pulse duration mea-
surements taken in our lab shows a pulse duration of 80 fs [137, 142].
4.2 Supercontinuum generation
In general, when working with PCFs, it is essential to characterise and optimise the
polarization of the SC spectrum exiting the fibre. This section considers the mea-
surement and characterization of the induced birefringence within the PCF due to
structural symmetry breaks in the fibre drawing processes. Procedures to overcome
this intrinsic birefringence is also discussed. The dependence of the SC generation
on input power will also be considered for both the new experimental polarization
maintaining PCF provided by NKT photonics and a commercial non-polarization
maintaining PCF.
4.2.1 Polarization contrast measurements in PCF
The setup for the SC characterization of both the polarization maintaining (PM-)
and non polarization maintaining (non-PM-) PCF is shown in figure 3.1. As stated
in section 3.1, the incoming laser before the HWP is horizontally polarized. The
coupling efficiency into the PCF was between 58-68%. In order to improve the
purity of the exit polarization, the pulse has to be coupled into the fibre at an angle
parallel to a specific axis. As a result of the twists during the drawing process, the
fibre output will be rotated from the horizontally polarized beam. The polarization
of the output SC pulse is rotated by a second HWP (acts as an analyser) relative
to a horizontally oriented polarizer in order to obtain maximum transmission of
horizontally polarized light. By recording the power transmitted for the horizontal
and vertical polarizations, the ratio of the optical powers in the two polarizations can
be determined. This ratio is what is mostly referred to as the extinction ratio. For
this work, this extinction ratio (ER) is the percentage power in the perpendicular





where Power‖ is the power transmitted in the principal axis which is the axis parallel
to the horizontally polarized beam. The output beam from the fibre consists of
transmissions in both axes and is a superposition of two cosine-squared graphs shifted
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by 90◦. Therefore, transmission in each axis was determined by fitting the measured

















where a, b correspond to the transmission in orthogonal polarizations.
Figure 4.2a shows the power measured at the output of the vertical polarizer for
input polarization angles of 0◦, 30◦ and 90◦. The analyser orientation angles are
(a) Variations in power transmission with
polarizer-analyzer orientations
(b) Estimation of maximum and minimum
power transmission for a fixed input polar-
ization of 104◦
Figure 4.2: Determination of polarization transmission properties for all PCFs: (a) depicts
how the transmitted power depends on the input polarization angle. The fit parameters
extracted based on Malus’s law is shown in (b) with a representing the power in the parallel
axis and b representing the power in the orthogonal axis.
shown as the x-axis. The measured data points are the black discrete points and the
fit from Malus’s law (expression 4.2.2) are shown in coloured line. As expected, there
is the transfer of power from one axis to the orthogonal axis for a 90◦ rotation of
the input polarization as seen by the measured powers for 0◦ and 90◦ input angles.
In between the orthogonal axes, the transmission profile varies as seen in the 30◦
plot. For the rotation of the output analyser, the angle difference between the
minimum and maximum transmission corresponds to a 90◦ rotation. For example,
considering the 90◦ input polarization, the minimum transmission occurred at an
analyser orientation of 50◦ which implies the analyser was oriented perpendicular
to the horizontal polariser. The maximum transmission occurred at 140◦ when the
PCF output polarization was rotated to be parallel to the polariser.
The ER was calculated for each input polarization orientation. The smaller the ER,
the more pure the polarization is in the specific axis. For example, figure 4.2b shows
a cos2 graph for an input polarization of 104◦. From the fit parameters a = 27.38
1Malus’s law states that: "For a beam of plane-polarized light, the intensity after transmission
through a rotatable polarizer varies as the square of the cosine of the angle through which the
polarizer is rotated from the position that give maximum intensity"
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and b = 0.24 on the graph, the ER is found to be 0.87% with maximum transmission
at an analyser orientation of 145◦. Considering figure 4.2a, the minimum/maximum
parameters with the calculated ER are shown in table 4.1. The input HWP angle
Table 4.1: Extinction ratio table
Input pol. Min. power (mW) Max. power (mW) ER (%) Max. HWP2 angle
0◦ 12.74 86.03 12.90 40◦
30◦ 23.62 76.34 23.63 170◦
90◦ 17.26 83.42 17.14 140◦
which results in the least ER is chosen as the input angle and the analyser orientation
with the highest transmitted power serves as the output HWP angle. Therefore
considering table 4.1, the input/output polarization angles of 0◦/40◦ offer the best
ER. For an input power of 100 mW, the supercontinuum spectrum captured as
function of analyser orientation for figure 4.2b is shown in figure 4.3. It is observed
Figure 4.3: Transmitted spectral profiles recorded with varying analyser polarization for
a fixed input polarization. The spectral profiles plotted here are the measured data corre-
sponding to analyser orientations in figure 4.2b.
that for a fixed input power, the intensity of the spectral output of the PCF varies
with the analyser orientation relative to the horizontal polarizer. At lower powers,
the spectral profiles look the same for a particular polarization orientation for both
polarization and non-polarization PCFs.
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4.2.2 Dependence of supercontinuum spectrum on input power
We investigated the spectral output of two different types of ANDi-PCFs as a func-
tion of input power. The two PCFs types are the polarization maintaining (PM-)
and non- polarization maintaining (non-PM-) PCFs with features discussed in section
2.4.1. In order to do this, the halfwave plates were set at their optimal orientations.
Figures 4.4a and 4.4b show the SC spectra generated by non-PM-PCF and PM-PCF
respectively. They clearly show an increase in spectral bandwidth with increasing in-
put power. This can mainly be attributed to greater nonlinear effects being induced
(a) Power dependence spectra for non-
PM-PCF
(b) Power dependance spectra for PM-
PCF
Figure 4.4: SC generation with varying input power for non-PM-PCF and PM-PCF. The
higher the coupled input power, the broader the SC pulse as a result of greater nonlinear
effects induced.
in the fibre resulting from higher intensities within the fibres. The broader SC band-
width provides the possibility for dynamic control of the pulse length and ultimately
the peak intensities generated after suitable compression. However at higher powers
(500 mW), the spectral profile changes considerably in the non-PM-PCF while the
shape of the PM-PCF remains the same. These results correspond to previously re-
ported works on nonlinear polarization dynamics in weakly birefringent PCFs where
it was determined that at higher coupling powers, depolarization is known to occur
over time where power is gradually decoupled into the orthogonal mode thus dis-
torting the spectrotemporal field of the SC pulse along the fibre length[111]. This
spectral profile change will have a corresponding effect in the temporal profile thus
affecting the coherent control of the pulse. The strong birefringence induced in the
PM-PCF is seen to provide high confinement along the principal axis at higher cou-
pling powers thereby eliminating this scrambling of the polarization state of the
supercontinuum.
A measure of the transfer of power between axes of each fibre was determined by
recording the SC power transmitted along the principal (parallel) and orthogonal
(perpendicular) axes over time as shown in figure 4.5. Figures 4.5a and 4.5b show the
power recorded for a non-polarization maintaining PCF at the start of measurement
and 60 minutes later with 700 mW average coupling power. Figures 4.5c and 4.5d
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(a) Pump-time-dependent spectra for
non PM-PCF at onset of pumping
(b) Pump-time-dependent spectra for
non PM-PCF after 60 minutes of pump-
ing
(c) Pump-time-dependent spectra for
PM-PCF at onset of pumping
(d) Pump-time-dependent spectra for
PM-PCF after 60 minutes of pumping
Figure 4.5: Power intensities recorded in orthogonal axes for non-PM-PCF and PM-PCFs
at onset of measurement i.e. time t = 0: figures 4.5a and 4.5c and after 60 minutes of
pumping: figures 4.5b and 4.5d respectively.
show the same measurements for a PM-PCF under similar conditions. Depolarization
is seen to occur in the non-PM-PCF even at the onset due to the high power and is
seen to increase over time. For the same time interval, the PM-PCF shows a more
stable SC profile making them a more suitable choice over the weakly birefringent
non-PM-PCF for applications that require higher SC stability.
In view of the high polarization confinement and its corresponding higher stability of
the polarization maintaining fibre over the non-PM counterpart, the PM-PCF was
preferred. As such, for the remaining sections, only the polarization maintaining
fibre was used. Hence, subsequent reference to PCF only implies a polarization
maintaining fibre.
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4.3 Pulse characterisation and compression
In this section, we consider the experimental data recorded throughout the pulse
characterization and compression. As discussed previously, two phase measurement
techniques were employed in this work: MIIPS which is well established and is reg-
ularly applied in microscopy [59, 65, 66, 143] and a novel i2PIE technique recently
developed in our laboratory [70]. The pump power of 200-300 mW was chosen for
this investigation due to our confidence in the fact that the SC phase can be well com-
pensated for by the chirped mirrors and 4f shaper at this generated supercontinuum
bandwidth as well as the greater possibility to generate effective phase matching in
the BBO with the spectral bandwidth generated by pumping at this average power
range. The SC spectrum recorded at 200 mW input power is shown in figure 4.6a
with a spectrum spanning from approximately 710 - 850 nm. The spectral band-
width of the SC spectrum was measured at 5% of the maximum intensity. The
bandwidth for figure 4.6a was therefore measured to be approximately 110±1 nm
with the bandwidth measured between the arrowed regions in figure 4.6a. Its cor-
responding calculated Fourier limited temporal pulse is plotted in figure 4.6b with
a FWHM of 11±1 fs. As can be seen from figure 4.6a, the SC spectrum spans
(a) Spectrum of PCF output for pulse
characterization
(b) Temporal pulse of PCF output
Figure 4.6: Spectral and temporal profiles of SC generated. (a) Supercontinuum spectrum
of PCF output with 200 mW input power at a coupling efficiency of 65%. Region ’A’ defines
the noise region for the signal. (b) represents the corresponding calculated pulse in time.
a specific wavelength range. However, the spectrometer records data for a broader
spectral range between 200 -1300 nm. In order to determine if the measured intensity
is attributed to SC generation, we estimated an intensity threshold for the detector
noise. This noise was estimated by determining the standard deviation (SD) of the
region outside the SC spectrum (eg. region "A" in figure 4.6a). The background
noise was determined to be approximately 0.2% of the maximum intensity recorded
for a SC generated with 200 mW input power. Therefore, any intensity above three
times the noise (3×SD) was attributed to SC generation.
The phase of the generated SC pulse at the output of the PCF is however unknown.
The SC was therefore sent into the 4f shaper consisting of a spatial light modulator
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to quantitatively measure the phase of the pulse by either applying MIIPS or the
new i2PIE technique. Section 4.3.1 presents and discusses the phase measurement
achieved by implementing MIIPS while section 4.3.2 focuses on the implementation
of the novel i2PIE technique.
As stated previously, the pulse reaching the 4f shaper has been pre-compressed with
48 bounces between a pair of chirped mirrors with -175 fs2 GDD compensation per
bounce. With GDD being a second order dispersion (SOD) parameter, it implies that
the pulse exiting the chirped mirror has most of its SOD compensated. Furthermore,
the pre-compression reduces the "range" of phase to be corrected by 4f shaper, so
that the difference between adjacent pixels on the SLM is less thereby increasing
the compression efficiency of the 4f shaper. However, the chirped mirrors cannot
compensate for phase distortions attributed to higher order dispersions (HOD) i.e.
third order dispersions and above. Furthermore, pulse propagating through the
microscope objective also adds some amount of second order phase distortions. Since
the measurement is done at the plane of the object, MIIPS and i2PIE are therefore
used to measure and compensate for these added second and other higher order phase
distortions.
4.3.1 MIIPS phase determination
As previously stated in section 3.2.1, MIIPS works by applying a reference phase
function to the SLM and iteratively scanning over the laser pulse while determining
the influence of the phase change on the SHG spectrum of the pulse. The phase
recorded can be extracted from this measured SHG spectrum (from equation 2.5.12).
The phase on the SLM is then updated by applying the negative of the measured
phase before the next iteration. The phase on the pulse converges after a number of
iterations when the phase distortion is close to zero.
In determining the phase extraction from MIIPS, let us consider figure 4.7 as an
example. The graphs presented here are representative of the numerous measure-
ments taken. From equation 2.5.9, f(ω) = αcos(γ(ω − ω0) − δ), an amplitude (α)
of 35 rads and a pulse duration scaling parameter (γ) of 20 fs were used as reference
phase function parameters and scanned over a parameter δ. Figure 4.7a shows the
second harmonic intensity recorded after 10 iterations as a function of wavelength
(λ) and reference phase position (δ) over a 4π range. This trace is a representation
of where the SHG signal is maximised for each frequency component. It can be no-
ticed that the trace depicts parallel and equidistant features which is characteristic of
transform limited pulses and is consistent with previously documented MIIPS traces
[63, 124].
Employing an iterative scan while correcting the recorded group delay dispersion
(GDD) between successive iterations until the residual GDD falls below a certain
threshold is the best way of improving measurement accuracy for MIIPS [64, 124].
Figure 4.7b shows the error in the residual phase recorded after each iteration. A
small error signifies convergence in the residual phase measured for each iteration.
Addition of a negative value of the retrieved phase (from equation 2.5.12) to the
pulse after each iteration using the pulse shaper reduces the phase distortions thereby
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(a) SHG intensity recorded with MIIPS
showing SHG traces
(b) Error in residual measured phase after
each MIIPS iteration
(c) SC phase retrieved with MIIPS
Figure 4.7: Pulse characterization with MIIPS. Figure 4.7a shows the SHG trace recorded
after the 10th iteration plotted as a function of wavelength and reference phase position.
The error in the residual phase after each iteration is plotted in (b) showing the convergence
in the error per iteration. The measured phase after the last iteration is shown by the blue
line in (c) plotted over the SC spectrum (black line). The matlab code for analysis is shown
in appendix C.1.
resulting in lower residual GDD recorded per iteration. From figure 4.7b, the residual
GDD converges close to zero after 7 iterations indicating a convergence in the phase
characterization has been reached. The retrieved phase after the 10th iteration is
plotted along the SC spectrum in figure 4.7c where the SC intensity and phase are
plotted centred around ω − ω0 with ω0 being the central frequency. The phase is
recorded based on the resolution of the spectrometer hence only the retrieved phase
for non-zero spectral components is of interest. That is phase recorded for spectral
components with intensities three times the standard deviation of the spectrometer
noise level. It should be noted that this phase is only a measure of the residual phase
on the pulse before the last iterative measurement and not the exact phase of the
pulse. Therefore, the exact phase left on the pulse can not be directly measured.
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4.3.2 i2PIE phase determination
From section 3.2.2, i2PIE also works by applying a known spectral phase-only trans-
fer function to the pulse and recording the SHG spectra. The phase and amplitude
of the pulse can be extracted from this single set of data. The typical spectrogram
recorded using i2PIE is presented in figure 3.11 and reproduced in figure 4.8a. This
intensity spectrogram was the input for the time-domain PIE (i2PIE) algorithm and
was used to sequentially update the guess spectrum for each time delay. The recon-
struction process is detailed in [70, 126]. The algorithm produces a reconstructed
temporal object pulse. The spectral phase recorded, upon a Fourier transform of
this reconstructed temporal pulse, is shown in figure 4.8b. Again, only the phase
corresponding to the region of significant spectral intensity in the SC pulse is of
relevance.
(a) Spectrogram for i2PIE phase reconstruc-
tion
(b) SC phase measured with i2PIE
Figure 4.8: Spectrogram and phase measured with i2PIE. (a) is the same as figure 3.11 and
recorded as described in section 3.2.2. (b) Phase measured with the i2PIE characterization
technique (shown in red) over the SC pulse (black).
In order to compare the phase measurement abilities of MIIPS and i2PIE on equal
terms, it is imperative to compare them on the same level. The next section presents
comparative analyses of the two pulse shaper assisted spectral phase measurement
techniques.
4.4 Comparison of MIIPS and i2PIE phase
measurement techniques
This section presents and discusses the features of the novel i2PIE technique against
the most commonly used MIIPS technique. Comparative analysis will also be made
with pulse compression techniques that rely only on group delay dispersion (GDD)
compensation such as through the use of chirped mirrors.
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4.4.1 Phase measurement
The ability of each technique to accurately measure the phase distortions plays a
key role in the successful compression of the pulse to a near transform limited pulse.
With GDD compensated for by the chirped mirrors, the distortions resulting from
higher order dispersions (HOD) are expected to dominate the spectral phase reaching
the 4f-shaper. The spectral phases recorded by the MIIPS and i2PIE techniques are
shown in figures 4.7c and 4.8 are plotted together in figure 4.9a along with other
phase measurement sets in figure 4.9. Other measurements are shown in appendix
A.1. These phases are plotted within the region of SC intensity hence regions where
the signal is above the calculated spectrometer noise. The phase values at the central
frequency were overlaid by shifting the measured phase by a constant. This constant
term added to the phase has no effect on the pulse in the temporal domain as it
only shifts the position of the pulse. It is observed that for each measurement, the
(a) Spectral phase set 1 (b) Spectral phase set 2
Figure 4.9: Comparison of spectral phases measured with MIIPS and i2PIE. Spectral
phase measured with MIIPS (dash blue lines) and i2PIE (solid red line) techniques are
shown plotted within regions of significant SC intensity i.e intensities above 3 times the
standard deviation of the background. (a) represents an overlay of the phases plotted in
figures 4.7c and 4.8b. Other measurements are shown in appendix A.1. The matlab code
used can be found in appendix C.2.
same phase trend is observed but i2PIE phase (solid red lines) shows more structure
than the MIIPS phase (blue dash lines). The modulations in the i2PIE phase can
be attributed to its sensitivity to the complex phase of the pulse. This implies
i2PIE offers a better measurement of HODs thereby making it more accurate in
measuring the phase for each spectral component. These results confirm that the
MIIPS technique is limited in its sensitivity to detect HODs. It considers only second
order dispersion (SOD) corrections [67, 124] which reduces its accuracy in comparison
to i2PIE.
Although both MIIPS and i2PIE are both pulse shaper assisted phase measurement
techniques, it has been shown that their implementation and phase reconstruction
algorithms differ. MIIPS requires an iterative set of measurements with an algo-
rithm that updates the phase per iteration until the residual phase converges to a
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zero phase between iteration. In i2PIE however, only one set of measurement is
required from which the phase of the pulse can be derived using a reconstruction
algorithm. Therefore in terms of implementation, the new i2PIE technique has sev-
eral advantages over MIIPS in that it is a faster technique since fewer measurements
are required. The elimination of the iterative process also contributes to the speed
of implementation. The results obtained here have also proven i2PIE to be more
sensitive to the complex phase and therefore offers better phase measurement and
reconstruction.
Pulse compression is performed by applying the negative of the measured phase
onto the SLM with the aim of achieving a zero phase on the pulse. Applying the
negative of this measured spectral phase compensates for the spectral distortions
thereby producing a pulse with a negligible phase. This pulse, with a negligible
spectral phase, results in a near transform limited pulse in the temporal domain. In
order to determine the actual pulse duration after compression, it was necessary to
measure the durations with an autocorrelation since an autocorrelation provides a
quantitative way to estimate the degree of compression achieved by each technique.
4.4.2 Pulse duration measurements
The pulse duration of the chirped mirror compressed, MIIPS compressed and i2PIE
compressed pulses were measured using a spatial light modulator through a collinear
autocorrelation. As stated in section 3.3.1, a collinear autocorrelation can be per-
formed with the SLM by applying an appropriate transfer function. Pulse dura-
tions for the supercontinuum generated pulses were measured by performing non-
interferometric collinear autocorrelation (NICA) using SHG signals generated from
a nonlinear (BBO) crystal. The transfer function applied is as stated in equation
3.3.2 with Γ = 0. Figure 4.10 shows the frequency-time SHG autocorrelation spec-
trograms recorded for a pulse with a time step size of 5 fs between the two pulses.
The time delay is based on the number of steps taken within a defined scanning
temporal window. A temporal window of 2 ps was chosen and scanned between -1 to
1 ps in 401 steps. The higher the number of steps taken within a defined window, the
better the resolution of the autocorrelation traces. The second harmonic response
trace corresponding to a measurement of the SC pulse with only GDD compensation
(chirped mirror (CM) compression only) is shown in figure 4.10a with figures 4.10b
and 4.10c representing that of MIIPS and i2PIE compressed SC pulses respectively.
In all spectrograms, the intensity is maximum at time, t = 0, corresponding to a zero
delay between the two replica pulses on the SLM. Comparing the trace responses
recorded, i2PIE provides the highest response. This is simply as a result of the higher
peak intensity generated from the shorter pulse duration it provides.
Integrating the SH intensities for each frequency component at each time delay re-
sults in a temporal pulse profile as shown in figure 4.10d. In determining the tem-
poral widths of these autocorrelations, the pulse durations for each technique was
determined by measuring the FWHM after fitting with a Gaussian curve. The aver-
age autocorrelation durations, τA measured for each technique is listed in table 4.2
together with the calculated pulse durations, τp obtained by applying equation 3.3.3.
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(a) NICA trace for only chirped mirror
compression
(b) NICA trace for chirped mirror and MI-
IPS compressions
(c) NICA trace for chirped mirror and
i2PIE compressions
(d) Pulse durations measured based on
compression technique
Figure 4.10: Compression technique-based non-interferometric collinear autocorrelation
traces for (a) Chirped mirror (CM) compression only, (b) MIIPS compression after CM
compression, (c) i2PIE compression together after CM compression. Pulse durations mea-
sured via non-interferometric collinear autocorrelation for the different pulse compression
techniques is shown in (d). The generated matlab code used in analysing the spectrograms
can be found in appendix C.3.
Table 4.2: Durations of pulses based on compression technique
Technique τA (fs) τp (fs)
Chirped mirrors (CM) only 35.8 25.3±1.0
CM + MIIPS 29.8 21.1±0.8
CM + i2PIE 25.3 17.9±0.7
The fundamental pulse however does not pass through the SLM as can be seen
from the layout in figure 3.8 and therefore can not be measured with the NICA
technique. The pulse duration for the fundamental pulse was therefore estimated
using Lab2 virtual femtosecond laboratory package2 [144] in LabView since it could
2Available at http://lab2.de/
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not be measured directly at the experimental plane due to the system layout. The
program code developed from the package for pulse length estimation is shown in
appendix B.1. It calculates the change in electric field due to propagation through a
transparent but dispersive medium. The response of the material is calculated using
the Sellmaier equations. The Lab2 package provides a complimentary database of
common transparent materials with predefined Sellmeier coefficients. It estimates
the duration after each dispersive element based on the Gaussian time bandwidth
product (TBP) for a chirped pulse [145]:
TBP = 0.441




where a and b represent the duration of the incoming pulse and the linear chirp
parameter of the dispersive medium respectively. The optical elements traversed by
the fundamental pulse before reaching the focal plane are (from figure 3.8): the po-
larization beam splitter cube (P.B.C.), the beam expander lens (B.E.L1 and B.E.L2)
and the microscope objective lens. The dispersive materials used in the fabrication
of each element is provided in table 4.33. With the microscope objective assumed
to be fabricated from 30 mm of Calcium Fluoride (CaF2) due to its low spectral
dispersion over a broad wavelength range [146], the estimated pulse durations after
each dispersive element is shown in table 4.3.
Table 4.3: Optical elements and their GVD
Optical element Material Thickness (mm) Output duration (fs)
P.B.C. N-SF1 10 90
B.E. L1 N-LAK22 8.0 110
B.E. L2 N-LAK22 9.3 130
Objective lens CaF2 30 160
The success of each SC compression technique was also determined by measuring the
spectral bandwidth of the SHG signal generated for each technique at the point of
no time difference between the two replica pulses on the SLM (i.e. t = 0) where
the intensity is maximized. These were compared to the spectrum of the total
SHG signal expected to be generated by the SC pulse assuming 100% conversion
efficiency and perfect phase matching for all spectral components. This expected
signal was calculated by performing an autocorrelation of the SC pulse with itself
and is represented by the black spectra lines in figure 4.11.
The calculated SHG signal averaging a spectral FWHM of 31.9±0.8 nm is shown
by the black arrows in figure 4.11a. The FWHM recorded for the three techniques
(represented by "X" in figure 4.11) are averaged 12.0±1.1 nm, 14.7±0.4 nm and
19.2±0.3 nm representing 37.7%, 46.0% and 60.1% conversion efficiencies for CM,
MIIPS and i2PIE respectively. The second harmonic response, like in many other
3Materials sourced from Thorlabs website https://www.thorlabs.com
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(a) SHG signal efficiency with
chirped mirror compression
(b) SHG signal efficiency with MI-
IPS compression
(c) SHG signal efficiency with i2PIE
compression
Figure 4.11: SHG efficiency based on phase compensation technique employed. The ex-
pected SHG spectrum to be generated from the SC pulse is shown in black in each of the
plots. The SHG generated at time t=0 in the NICA (ref figure 4.10) is depicted in cyan,
blue and green for chirped mirror, MIIPS and i2PIE compressions respectively. The arrows
in (a) and ’X’ in (a-c) represent the FWHM positions in each spectrum.
parametric processes, is dependent on effective phase matching between the inter-
acting fields. Results from figure 4.11 implies better phase matching is achieved with
i2PIE compression hence the greater response generated.
Considering the spectral phase measured with each characterization technique, the
pulse durations recorded and the SHG conversion efficiencies, i2PIE is seen to pro-
vide better pulse compression for broadband supercontinuum pulses than MIIPS.
The sensitivity of i2PIE to higher order phase distortions leads to better phase mea-
surement hence better pulse compression. The duration of the SC pulse at the sample
position is significantly shorter for i2PIE compression than with MIIPS compression.
This yields higher intensities and ultimately higher SHG signals.
4.4.2.1 Effect of ND filter on pulse duration
In order to reduce photodamage and photobleaching in imaging, the peak power im-
pinging on the sample is often attenuated with neutral density (ND) filters. These
glass materials also add phase to the incoming pulse. Our setup consists of a 2 mm
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thick rectangular reflective ND filter (NDL-25C-2, Thorlabs, Fused silica) with a con-
tinuous variable optical density of 0.04 - 2.0. We investigated the effect of the optical
density (OD) of the filter on the temporal pulse, in order to ensure that by changing
the OD of the filter, we do not alter the duration of the laser pulse incident on the
sample. With the ND filter removed from the beam path, the (free space) phase
was measured and compensated using both MIIPS and i2PIE techniques. These
measurements were repeated with the ND filter in place.
(a) Temporal profile of pulse after MI-
IPS compensation through free space
and ND filter.
(b) Temporal profile of pulse after i2PIE
compensation through free space and
ND filter.
Figure 4.12: Determining the effect of ND filter on the temporal pulse. (a) and (b)
represent the temporal profile of pulse after compressions with MIIPS and i2PIE respectively
with free space temporal pulses (black lines) and temporal pulses after traversing the ND
filter (blue). The red and green lines represent Gaussian fit on the respective graphs.
The pulse durations measured with the MIIPS and i2PIE techniques are shown in
figures 4.12a and 4.12b respectively with the free space durations in black and the
durations measured after traversing the ND filter given in blue. There is a decrease
in intensity as a result of the introduction of the ND filter. Fitting both pulses with
a Gaussian, the average duration of the compressed pulse propagating through free
space was determined to be 20.9±1.0 fs for MIIPS and 17.3±1.0 fs for i2PIE. The
corresponding average durations after propagating through the ND glass was found
to be 21.3±1.0 fs and 18.1±1.0 fs for MIIPS and i2PIE respectively. These results
indicate that there is no significant difference in durations measured through free
space and through the ND filter. They further prove that each phase measurement
technique compensates effectively for phases introduced in the path of the pulse
and ultimately, in the plane of the object, the phase is zero. Furthermore, these
results show that the compression only depends on the phase of the pulse and not
the intensity thus changes in the intensity by the OD does not change the phase of
the pulse.
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4.5 Spatial resolution and contrast measurements
The ability of our nonlinear microscope to resolve the fine spatial features was de-
termined using 2 µm sized fluorescent beads. Figure 4.13 shows the two photon
excitation fluorescence intensity recorded from two adjacent fluorescent beads shown
in 4.13a using the fundamental pulse. The scanned image was taken at a damage
threshold energy of 1.9 nJ per pulse as any energy above resulted in photo degra-
dation of the sample. The micrograph image taken with the CMOS monochrome
camera integrated in the setup is shown in figure 4.13a. Figures 4.13b and 4.13c
show a 3D and 2D representation of the fluorescence signal response recorded after a
raster scan imaging. There is a clear distinction between the peaks of the two beads
as expected for well resolved images.
(a) Micrograph of fluorescence
beads
(b) 3D-Surface plot of TPEF intensity from
beads
(c) TPEF image of fluorescence beads (d) Cross section across peaks of beads
Figure 4.13: TPEF signal images recorded from fluorescence beads. Micrograph captured
with CMOS monochromatic camera is shown in (a) with corresponding 3D and 2D rep-
resentation of intensity given in (b) and (c) respectively. (d) represents an intensity cross
section taken between point A and B across the beads along dotted lines in (c).
Throughout this dissertation, signal contrast will be calculated using the Weber
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where Lmax is the maximum signal response, Lmin is the minimum response and
σbackground is the standard deviation of the noise. The signal-to-noise ratio (SNR)











where σm represents the standard deviation of the measured mean values and n rep-
resent the number of measurements taken. Therefore for figure 4.13, using equations
4.5.1 and 4.5.2, a contrast of 289.1 ± 27.0 was determined and the signal-to-noise
was found to be 102 ± 5.7.
Considering the 800 nm central wavelength and the 0.9 NA focusing objective, the
calculated lateral resolution, based on the 2-point separation equation (1.4.5) (r =
0.61λ
1.31NA) is 413 nm. The axial resolution, based on equation 1.4.4b (r =
2nλ
(NA)2 with
n = 1 due to air objective used) is calculated as 2.0 µm. The minimum resolvable
distance for our system was determined by recording the fluorescence intensity across
the maxima of the beads (represented by the black dash lines between points A and B
in 4.13c). The resulting plot is shown in figure 4.13d with a peak to peak separation
distance of 2.2 µm between the two beads. This separation distance is approximately
7 times large than the diffraction limit which contributes to the well resolved peaks
shown in figure 4.13b. The fluorescence intensity FWHM (coloured marks on 4.13d)
for the two beads is measured to be 2.0±0.2 µm and 1.8±0.2 µm respectively which
corresponds to the specified size of the beads.
4.5.1 Spot size determination
The lateral resolution of the system was determined by adapting a technique analo-
gous to the open z-scan technique [139] as explained in section 3.3.2. The Rayleigh
length (Z0) can be determined from the generated SH intensity (P2w) by applying
equation 3.3.13. From the resulting Z0, the beam radius in the focus can be calcu-
lated using equation 3.3.6. Figure 4.14 shows the measurement of second harmonic
power P2w(z) generated in a thin layer of urea crystal as a function of sample po-
sition z for the different pulse compression techniques. The solid curve is the fit
based on equation 3.3.13 with the fit parameters Z0 and K. The average Rayleigh
length, Z0, for the fundamental pulse with 800 nm central wavelength was found to
be Z0 = (1.054± 0.003) µm corresponding to a beam waist of w0 = 0.518 µm (from
equation 3.3.6). The beam spot diameter was determined to be (1.036± 0.006) µm.
The average spot size parameters recorded for the different pulse techniques are given
in table 4.4.
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Figure 4.14: Measurement of the beam radius at the sample position z = 0 on a thin layer
of urea. Solid curve is a fit according to equation 3.3.13.
Table 4.4: Spot size determination for different compression techniques
Technique Rayleigh length (Z0) Beam radius (w0) Spot size (µm)
Fundamental pulse 1.05 µm 0.52 µm 1.04±0.01
Chirped mirror only 0.92 µm 0.49 µm 0.98±0.01
MIIPS pulse 1.02 µm 0.51 µm 1.02±0.01
i2PIE pulse 0.84 µm 0.46 µm 0.92±0.01
It can be observed that the beam radius, w0, is the same (to a 1 decimal approxi-
mation) for the fundamental as well as the compressed SC pulses. This implies that
no beam distortion occurred irrespective of the phase measurement and compression
technique used hence the spatial profile is not altered. As previously calculated in
section 4.5, the lateral resolution for second order nonlinear microscopy is 0.41 µm
which gives a calculated spot size of 0.82 µm. Our measured spot sizes are larger by
an average of 0.18 µm representing a 20% increase in the spot size of our system.
4.5.2 Peak intensities in focal spot
The signal response in imaging is dependent on the intensity of the pulse in the focal
spot. As stated previously, the repetition rate of the laser used in this work is 80
MHz. Assuming an input pulse with 40 mW average power, then from equation 1.2.1
(i.e. I = EAτ ), the peak intensity using the durations and beams radius from tables
4.2 and 4.4 is summarised in table 4.5. A higher intensity is recorded with the use
of SC pulse pulse with i2PIE providing the highest. Comparing the intensities for
MIIPS and i2PIE, there is an 18% increase in the i2PIE intensity over that of MIIPS
as a result of the shorter pulse duration achieved upon compression.
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Table 4.5: Laser peak intensities in sample plane
Technique Peak intensity (TW/cm2)
Fundamental pulse 0.4
Chirped mirror only 2.5
MIIPS pulse 3.0
i2PIE pulse 3.6
4.5.3 Signal strength for each compression technique
The strength of the second order nonlinear signal response for each compression
technique in a nonlinear medium was measured by recording the SHG signal from
a BBO crystal. As a control, the SH response was also determined under the
same energy per pulse conditions with the fundamental pulse. Figure 4.15 shows
the signal responses for an input pulse energy of 500 pJ per pulse (40 mW aver-
age power at 80 MHz repetition rate) from BBO placed in the focus of microscope
objective. The signal recorded by fibre coupling into a spectrometer is shown in
(a) SH spectrum from BBO for differ-
ent compression techniques
(b) SH intensities recorded for a fixed
pulse energy based on compression tech-
nique
Figure 4.15: Comparison of SH spectra generated by same energy pulses in BBO for
the different pulse durations. Figure 4.15a shows the SH intensities recorded for each focus
position in the crystal with the integrated intensities for the entire spectral bandwidth shown
in figure 4.15b. Signal recorded for the fundamental pulse in (b) has been enhanced by a
factor of 2 for illustration purposes.
figure 4.15a. Second harmonic intensity recorded for the fundamental pulse which
has not undergone any pulse compression is shown in green. Signals generated from
the compressed SC pulses are shown in blue, red and magenta for compressions with
chirped mirrors (CM-only), MIIPS and i2PIE respectively. For comparison pur-
poses, the spectra were Gaussian fitted and the peak of the Gaussian profiles were
assumed to be the highest SHG intensities recorded. The SNR averaged 3.2 ± 0.5
(fundamental), 9.5 ± 0.7 (CM-only), 17.3 ± 1.4 (MIIPS) and 25.5 ± 2.1 (i2PIE).
During raster scanning in nonlinear imaging, the generated signal is recorded with a
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photomultiplier tube (PMT) which records the integrated number of photons strik-
ing the detector for each position. The integrated responses for each technique in
figure 4.15a are shown in figure 4.15b. The integrated intensities recorded in ar-
bitrary units are 8.0× 104 ± 6.2× 102 (fundamental), 3.0× 105 ± 2.1× 104 (CM-
only), 4.7× 105 ± 4.1× 104 (MIIPS) and 6.8× 105 ± 6.6× 104 (i2PIE). It can be
seen that as expected, there is an improvement in the integrated intensities recorded
when smaller pulse durations are used. For example, comparing the signals recorded
with the fundamental pulse to that of the SC source, there is a 3.8 fold increase in the
signal response in the use of SC pulse with only GDD compensation by the chirped
mirrors. Further compressing this SC pulse with MIIPS offers a 5.8 fold increase over
the fundamental pulse. Where i2PIE was employed, an 8.5 fold in signal strength
was recorded. Comparison of the signals among the different techniques employing
SC source are also provided in table 4.6. It should also be noted that the detection
efficiency of the PMT is limited by the detection range, detector response time and
noise.
Table 4.6: Comparison of SHG signal responses in BBO based on compression technique
Technique Fundamental CM-only MIIPS i2PIE
Fundamental 1.0 3.8 5.8 8.5
CM-only 1.0 1.5 2.3
MIIPS 1.0 1.5
i2PIE 1.0
Two photon excitation fluorescence signal response were also investigated using flu-
orescent micro-beads. Figure 4.16 shows the scan results obtained for the different
techniques with a 125 pJ energy pulse. The low pulse energy was chosen specifically
to reduce the risk of photobleaching of the fluorophores since multiple scans were
needed to be conducted on the same beads. Signal responses were detected in trans-
mission with a PMT. Figures 4.16a to 4.16d shows the TPEF responses recorded
with the fundamental pulse, the CM, MIIPS and i2PIE compressed pulse. For clar-
ity purposes, the response from the fundamental has been enhanced by a factor of 2.
As expected, the highest signal response was recorded with the use of i2PIE followed
by MIIPS and GDD-only compensated pulses with the chirped mirrors. The con-
trast and SNR recorded for each technique are provided in table 4.7. Comparing the
contrasts recorded for MIIPS and i2PIE, an average increase of 2.0 fold is observed
with a corresponding ≈ 1.7 fold average increase in SNR.
A comparison of the average signal intensity response from line sections is shown in
figure 4.17 with regions of interest highlighted. It should be noted that the image of
i2PIE used here is just to indicate the cross section region taken across the images
for all techniques. The intensity plots represent the average response values in the
selected regions. Considering the intensities at the peaks (marked with the vertical
dash magenta lines in the line plots of figure 4.17) there is an approximate 2.0 fold
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(a) TPEF image of fluorescence
beads using the fundamental pulse
from the laser cavity.
(b) TPEF image of fluorescence
beads with SC pulse compressed
with only chirped mirrors
(c) TPEF image of fluorescence
beads with SC pulse compressed
with CM and MIIPS
(d) TPEF image of fluorescence
beads with SC pulse compressed
with CM and I2PIE
(e) Micrograph of fluorescence
beads
Figure 4.16: TPEF image of fluorescence beads imaged under the four configurations:
fundamental laser (a), SC with only chirped mirror (CM) compression (b), SC with CM and
MIIPS compression (c) and SC with CM and I2PIE compression (d). Micrograph image
taken with the CMOS camera is shown in (e). All scan images taken under same conditions
with pulse energy of 125 pJ with same intensity scale.
increase in the intensity signals recorded for i2PIE scans over that of MIIPS and
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Table 4.7: Contrast and signal-to-noise ratio measurements for TPEF in fluorescent beads
Technique Contrast Signal-to-noise ratio
Fundamental pulse 49.2±6.6 18.6±2.4
Chirped mirror only 112.9±5.8 41.4±2.1
MIIPS pulse 152.6±9.2 69.4±4.1
i2PIE pulse 305.8±20.7 118.0±8.0
approximately 7.6 fold increase in i2PIE over imaging with the fundamental pulse.
Figure 4.17: Intensity plots for fluorescence response for the different techniques. Region
for vertical scan is shown in white and region for horizontal scan is shown in brown. Average
intensity plots for vertical and horizontal regions are shown on top right and bottom right
respectively. Magenta lines in intensity plots represent region of intensity comparison.
There is therefore an overall increase in the signal strength recorded with the use
of i2PIE compressed pulse over that of MIIPS and GDD-only compensated pulses.
This result is attributed to the higher peak intensity generated by i2PIE due to the
shorter pulse duration achieved with its application in pulse compression. The high
contrast also leads to a better image resolution as the beads are more distinct in the
i2PIE image compared to the images obtained with the other techniques.
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4.6 Temporal evolution of fluorescence based on
compression technique
In laser-based imaging applications with fluorophores, the fluorescence signal re-
sponse decreases over time as a result of the irradiation of fluorophores with high
intensity pulse. This section presents and discusses the results obtained from the
investigations into how the various techniques employed in this work affect the tem-
poral evolution of the fluorescence signals recorded.
The fluorescent microbeads were used to study the effects of each phase measure-
ment and compression technique on the temporal evolution in fluorescence response.
These beads were chosen over biological tissue due to the homogeneous distribution
of fluorophores across the beads’ surface compared to those contained in biologi-
cal samples. The temporal evolution investigated is the photobleaching of the fluo-
rophores [147]. Photobleaching is the destruction of fluorophores in the excited state.
This photobleaching can be reversible, in that the fluorescence intensity returns to
a maximum after the irradiation source is removed, or irreversible which leads to
a permanent depletion of fluorescence intensity. Upon laser irradiation, these fluo-
rophores undergo an absorption-emission cycle. The fluorescence intensity however
decreases exponentially in time due to some molecules fluorescing into a reversible
or irreversible states. There are numerous pathways for the energy - each pathway
has an associated timescale - the irreversible processes result in fluorescence decay
over time. These decays can be represented as the sum of exponential decays of the
form:







where Io is the intensity offset with Ai and τi representing the components of each
timescale and the decay timescales respectively. Fitting the photobleaching process
with such an exponential fit leads to the extraction of the decay time constant(s)
for the process(es) involved. Assuming a single process dependent photobleaching
process, equation 4.6.1 reduces to:




Fluorescent microbeads sonicated in methanol were spin coated onto a microscope
cover slide for our investigations. Figure 4.18 shows, an example, the photobleaching
curve recorded after irradiation with an i2PIE compressed pulse of 150 pJ for about
1000 seconds. After 380 seconds, the laser was blocked for 280 s before allowing
irradiation to continue. It is observed that fluorescence did not recover to a max-
imum when irradiation was resumed. This shows that the photobleaching process
of the "light yellow" fluorophore is an irreversible process. Assuming a single decay
pathway and fitting with equation 4.6.2, a decay constant of 61.6 s was recorded.
Since the photobleaching process is irreversible, it was ensured that each subsequent
measurement was taken at a different position to ensure maximum signal strength
for each measurement.
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Figure 4.18: Fluorescence photobleaching process in fluorescent micro beads as a function
of irradiation time. Broken lines represent the period of no irradiation.
We investigated whether the the photobleaching was a function of intensity of energy.
We did this by irradiating the sample with pulses of different energy but equal
intensity, as well as pulses of equal energy but different intensities.
4.6.1 Temporal evolution based on same input pulse energy
Figure 4.19 shows the fluorescence signal recorded for the CM-only, MIIPS and
i2PIE compressed pulses as a function of irradiation time. Irradiation was carried
out with a constant pulse energy of 188 pJ (15 mW average power). Again assuming
Figure 4.19: Photobleaching curves for GDD-only, MIIPS and i2PIE compressed pulses
at the same excitation energy of 188 pJ (15 mW average power).
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a single process thus with a single exponential function, the average fit parameters
extracted are summarized in table 4.8. Irradiating with the same input energy results
Table 4.8: Photobleaching parameters for irradiation with constant input pulse energy
Technique Power (mW) Int. (TW/cm2) A1 time constant (τ1) (s)
CM-only 15.0 0.95 0.69±0.08 231±6.0
MIIPS 15.0 1.13 0.55±0.03 78.3±5.0
i2PIE 15.0 1.33 0.58±0.03 40.3±3.0
in different pulse intensities in the focal plane due to the different pulse durations
achieved upon pulse compression. For fixed irradiation area (A) and pulse energy
(E), the intensity (I) is inversely proportional to the pulse duration (i.e. I = EAτ ).
Thus the shorter pulse durations, the higher the intensity which leads for faster time
constant. It has already been established, (from table 4.2), that compression with
i2PIE results in shorter pulse durations which results in higher intensities thereby
resulting in a faster decay process as seen evident in figure 4.19.
4.6.2 Temporal evolution based on same input pulse intensity
The photobleaching effects for a irradiation with a pulse of constant intensity was
investigated for MIIPS and i2PIE techniques. An intensity of 0.9 TW/cm2 was cal-
culated. From the pulse durations, this translates into the use of an input power of
12 mW and 10 mW for MIIPS and i2PIE techniques respectively. The photobleach-
ing curve is as shown in figure 4.20 with the corresponding fit parameters listed in
table 4.9. It is observed that within the error limits, the time constants for the two
Figure 4.20: Photobleaching curves for MIIPS and i2PIE compressed pulses at the same
excitation intensity of 0.9 TW/cm2 (average power of 12 mW for MIIPS and 10 mW for
i2PIE).
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Table 4.9: Photobleaching parameters for irradiation with constant intensity
Technique Power (mW) Int. (TW/cm2) A1 time constant (τ1) (s)
MIIPS 12 0.9 0.57±0.01 73.3±0.9
i2PIE 10 0.9 0.60±0.01 74.9±1.4
techniques are the same. The time constant (τi) is related to the laser intensity (I)
by the power law such that 1τi ∝ I
ni with ni being the required number of photon
absorption processes involved in the excitation process. The constant time constant
implies the photobleaching dynamics involve the same n-photon absorption process.
The exact number of absorption processes involved was however not investigated as
this was beyond the scope of this dissertation.
4.7 Chapter summary
This chapter has focused on investigating the unique features of the microscope con-
structed as part of this dissertation. The supercontinuum spectrum generated by the
new polarization maintaining all-normal dispersion photonic crystal fibre has been
shown to provide more stability than its non-polarization maintaining counterpart.
This high spectral stability translates into a more stable temporal pulse profile which
can be coherently controlled.
By utilizing the 4f shaper and SLM incorporated into the constructed setup, the fea-
tures of the new i2PIE phase measurement technique recently developed in our lab
have been investigated. i2PIE, like MIIPS, is a collinear technique where the phase
measurement and correction are performed with the same setup. This therefore pro-
vides a much simplified phase measurement technique than FROG and SPIDER.
Though MIIPS and i2PIE require the same experimental setup, i2PIE has proven
to have a lot of advantages over MIIPS as a phase reconstruction technique. It has
been shown, in this chapter that i2PIE provides a more accurate phase measurement
than MIIPS due to the sensitivity of the algorithm to the complex spectral profile of
the pulse. This has been shown to ultimately lead to better phase compensation and
temporal pulse compression. In employing non-interferometric collinear autocorrela-
tion (NICA), our results have confirmed that i2PIE offers better pulse compression
resulting in higher peak intensities than MIIPS. i2PIE has also been shown to provide
better contrast than MIIPS. Irrespective of the phase measurement and compensa-
tion methods employed, our results have also confirmed that the spatial profile of the
beam in the focus of the microscope objective is preserved. With many microscopy
applications [41, 65, 66] relying on MIIPS to provide better image contrasts, our
results confirm that this novel technique developed in-house is much better than
MIIPS.
In nonlinear microscopy using crystals and fluorescence beads, i2PIE has been shown
to provide significant greater contrast and signal-to-noise ratios over MIIPS and
GDD-only compensated pulses. The next chapter looks at the applications of these





In this chapter, we look at the applications of the different phase measurement
and pulse compression techniques in nonlinear imaging of biological tissues. Sec-
ond harmonic generation (SHG) and two photon excitation fluorescence (TPEF)
microscopy are demonstrated. As nonlinear microscopy permits label free imaging,
investigations were carried out using both fluorophore stained samples and label-
free samples. Raster scan images were recorded and for each sample, four imaging
modalities were investigated. These include:
1. Imaging with the fundamental pulse directly from the laser cavity to see what
conventional nonlinear imaging would offer for a specific pulse energy.
2. Imaging with supercontinuum (SC) pulse generated by coupling the laser into
the novel PCF and compressed with only the chirped mirrors (CM).
3. Imaging with SC pulse further compressed with phase measured via MIIPS
after pulse pre-compression with CM.
4. Imaging with SC pulse further compressed with phase measured via the novel
i2PIE technique after pulse pre-compression.
It is worthwhile to remember that in order to increase the signal recorded, signal
responses were amplified with a lock-in amplifier and a frequency chopper with a
500 Hz frequency was used to enhance the signal-to-noise ratio (SNR) of the signal.
The order of imaging acquisition is as follows: CM-only, MIIPS, i2PIE and funda-
mental pulse. Again, as a reminder, all contrast values quoted in this chapter were
calculated using equation 4.5.1 and all signal-to-noise ratios were calculated using
equation 4.5.2 as defined in the previous chapter.
5.1.1 Imaging conditions
Data acquisition was performed by raster scanning across the sample in X and Y di-
rections via a custom built Labview program (refer to appendix B.2 for user interface
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of code). Integrated signal response for each scan position was recorded using a photo
multiplier tuber (PMT) with signal amplification using a lock-in amplifier. The signal
was modulated using an optical chopper at 500Hz and the lock-in-amplifier time con-
stant (TC) of 8 ms was chosen. This TC offers an appreciable signal-to-noise (SNR)
within the dwell time at a particular position considering the trade off between SNR
and measurement time. Higher TC gives better SNR but requires a longer dwell
time which can lead to damage in biological samples. Scanning was carried out with
dwell time of 50 ms between successive positions. The lock-in-amplifier signals were
averaged during this dwell time with the average value recorded as the response for
that scan position. Raster scan movement was achieved using piezo stages with a
minimum step size of 180 nm. Laser power was attenuated using neutral density
filters. Appropriate band pass filters were used to block the incident radiation and
transmit the generated signal, be it second harmonic generation or fluorescence.
5.2 Second harmonic generation imaging
It is a well established fact that nonlinear microscopy permits label-free imaging
without the need for exogenous or introduced fluorophores. Second harmonic gener-
ation imaging was carried out on both animal tissue (porcine skin) and plant cells
(guard cells). For imaging of animal tissue, a 400±10 nm bandpass filter was used
to block the illumination light and transmit only the SH signals. The small trans-
mission bandwidth ensured the detected signal was SHG dominated. Similarly for
plant cells, a 360 - 580 nm bandpass was used for signal filtering.
5.2.1 Second harmonic generation in collagen
Second harmonic generation (SHG) imaging was tested using a layer of epidermal
porcine tissue. Fresh porcine skin was locally sourced ensuring that the sample was
preservative free in order to ensure that unknown contaminants could not contribute
to the generated SHG signal. No extra purification process was carried out on the
sample. A thin biopsy layer was extracted and placed in between a microscope slide
and a cover glass slide for SHG imaging. A thin layer of water was added to prevent
dehydration. Since it is well known that SHG from collagen in skin cells dominate
the SHG response [29, 33, 35], the collagen distribution in both epidermal and dermal
porcine tissue were recorded. In order to ensure strong SHG dominance in the signals
recorded, a 400/10 bandpass filter transmitting the (400±10) nm spectral bandwidth
was used in order to suppress any autofluorescence signals.
5.2.1.1 Second harmonic generation in epidermal porcine skin tissue
Figure 5.1 shows the second harmonic images recorded in transmission for the epi-
dermis of porcine skin. All images were recorded with an average input power of
2 mW (which equates to a pulse energy of 25 pJ) and are plotted on the same scale
for direct comparison of the signal strength. For representation purposes, the signal
response recorded from the scan with the fundamental pulse and shown in figure
5.1a was enhanced by a factor of 2. An increase in signal response is evident in the
use of SC pulses over the fundamental pulse. Within the SC images, the scan with
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. BIOPHOTONIC APPLICATIONS 82
the i2PIE technique (figure 5.1d) shows a response approximately 2 times greater
than that of the MIIPS scan in figure 5.1c and approximately 3 times greater than
the scan results obtained with only GDD compensation from the chirped mirrors
(figure 5.1b). A micrograph of the portion of the skin as recorded with the CMOS
monochrome camera integrated in the setup is as shown in figure 5.1e. The mea-
sured contrast and SNR are shown in table 5.1. Comparing the contrast and SNR
between MIIPS and i2PIE, there is approximately 2 fold increase in contrast and
SNR in favour of the use of i2PIE as a phase measurement technique applied in
pulse compression. Table 5.2 tabulates the contrast (or SNR) enhancement factors
recorded for the various modalities. The SNR values are written in parenthesis. In
general, there is a better contrast (or SNR) achieved in the use of SC sources with
the improvement increase from only GDD compression through MIIPS application
to i2PIE applications.
Table 5.1: Contrast and signal-to-noise ratio measurements for SHG in epidermal porcine
skin tissue at 25 pJ input pulse energy.
Technique Contrast Signal-to-noise ratio
Fundamental pulse 12.3±0.7 4.6±0.2
Chirped mirror only 17.3±0.9 5.9±0.3
MIIPS pulse 69.9±16.6 18.7±4.4
i2PIE pulse 135.4±16.0 31.6±3.7
Table 5.2: Contrast (SNR) enhancement factors for SHG in porcine epidermis.
Technique Fundamental CM-only MIIPS i2PIE
Fundamental 1.0 1.4 (1.3) 5.7 (4.1) 11.0 (6.9)
CM-only 1.0 4.1 (3.2) 7.8 (5.4)
MIIPS 1.0 1.9 (1.7)
i2PIE 1.0
5.2.1.2 Edge response approximations to contrast estimation
The edge response illustrates the system’s response to a discontinuity in signals
such as what typically occurs at the sharp edge of the emitting feature [148, 149].
The parameter typically used in edge response is the distance required for the edge
response to rise from 10% to 90% [148]. The smaller the distance, the sharper the
rise hence higher contrast. The ideal line spread function is always a step function
with a signal step from 0 to maximum in a single step [149]. Considering the well
defined edges in figure 5.1 it is possible to estimate which technique offers better
contrast by adopting an approximation of the edge response technique.
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(a) Porcine SHG with fundamental pulse (b) Porcine SHG with only GDD compen-
sation (CM compression)
(c) Porcine SHG from CM and MIIPS
compression
(d) Porcine SHG with CM and i2PIE com-
pression
(e) Micrograph of epidermis of
porcine skin tissue
Figure 5.1: SHG from the epidermis of pork skin imaged under the four configurations:
(a) fundamental laser (signal enhanced by a factor of 2), SC with only chirped mirror (CM)
compression (b), SC with CM and MIIPS compression (c) and SC with CM and i2PIE
compression (d). All images taken under same conditions with pulse energy of 25 pJ.
In order to investigate the contrast based on this technique, line scans were taken
with the highlighted region of interest (ROI) in figure 5.2a. The response plots for
i2PIE and MIIPS techniques are plotted in figures 5.2b and 5.2c respectively. The
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edge response was measured from the initial response edge as shown by the inset in
5.2b for the selected region within the broken lines. The distance between the 10%
and 90% were recorded for MIIPS and i2PIE compensated images within the ROI.
The distances recorded averaged (2.1 ± 0.1) µm for MIIPS and (1.6 ± 0.1) µm for
i2PIE. A comparison of line scans for a single line within the ROI for all techniques
is shown in figure 5.2d. It is observed that the steepness of the edge changes for
each technique with the line scan for the image taken with the fundamental pulse
providing the least contrast. These edge response readings support the fact that
pulses compressed with the new i2PIE technique provide a better imaging contrast
than pulses compressed with MIIPS.
(a) Line scan regions of interest in SHG
in porcine epidermis.
(b) SHG response plots for line scans
within the ROI for i2PIE.
(c) SHG response plots for line scans
within the ROI for MIIPS.
(d) Comparison of SHG response plots
for line scans within the ROI for all tech-
niques.
Figure 5.2: Line scan measurements of SHG signal response from porcine epidermis. (a)
Region of interest (ROI) highlighted over the scan image obtained from MIIPS. The MIIPS
image was chosen for representation purposes. (b) SHG response plots for line scans within
the ROI for i2PIE (Inset: Close up of response within the marked region in (b) showing
the distance between the 10th and 90th percentiles). (c) SHG response plots for line scans
within the ROI for MIIPS. (d) Comparison of response plots for line scans within the ROI
for all techniques.
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5.2.1.3 Second harmonic generation in porcine dermal skin tissue
The dermis of skin is primarily made of connective tissues consisting mostly of colla-
gen and elastin fibres [17, 150]. These connective tissues are dominated with collagen
fibre and hence a rich source of endogenous second harmonic generation. Dermal col-
lagen fibre possess varying thickness and is crucial in determining the morphological
and mechanical properties of skin [33]. These collagen fibres in a porcine dermal
skin sample were imaged using second harmonic generation, which is sensitive to the
fibres thickness and morphology. A biopsy of dermal tissue was extracted from the
tissue just beneath the epidermis and mounted on a microscope slide. Again no extra
sample preparations were performed. Figure 5.3 show the images recorded for the
dermis tissue recorded for all the phase measurement/pulse compression techniques
with an input pulse energy of 25 pJ. The micrograph image for the dermis is as
shown in figure 5.3f. Again for illustration purposes, the signal response obtained
from the scan with the fundamental pulse in figure 5.3a was enhanced by a factor of
3.
The SHG images recorded for the CM-only, MIIPS and i2PIE compressed pulses
are shown in figures 5.3b, 5.3c and 5.3d respectively. Similar to the plots for the
epidermis, all images are plotted on the same scale for direct comparison. Considering
the contrast and signal to noise ratios in table 5.3, there is an enhancement of almost 2
and 3 folds in contrast and SNR between MIIPS and i2PIE respectively. Considering
the line scans in figure 5.3e, which are averages of the signal responses within the
blue highlighted region marked in figure 5.3d for all techniques, the higher contrast
advantage of i2PIE is clearly evident both in signal response as well as the steepness
of the lines.
Table 5.3: Contrast and signal-to-noise ratio measurements for SHG in dermis of pork skin
at 25 pJ input pulse energy.
Technique Contrast Signal-to-noise ratio
Fundamental pulse 33.1±2.2 8.4±0.5
Chirped mirror only 60.1±3.0 9.2±0.5
MIIPS pulse 70.1±3.5 10.6±0.5
i2PIE pulse 116.3±3.1 26.0±0.7
5.2.1.4 Estimation of thickness of Collagen fibrils
Collagen fibres are made of bundles of thread-like collagen fibrils. They possess
high tensile strength and are grouped into many categories based on the molecular
structure and constituents. The most common type of collagen fibrils in tissue is the
Type I [35] which is mostly found in the dermis of skin, tendons, bones etc. and has
a diameter ranging between 2-10 µm [151].
The thickness of the collagen fibres in the porcine dermis tissue was estimated by tak-
ing advantage of the high contrast attained with the use of i2PIE compressed pulses.
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(a) SHG image using the fundamental
pulse from the laser cavity.
(b) SHG image with SC pulse com-
pressed with only chirped mirrors.
(c) SHG image with SC pulse com-
pressed with CM and MIIPS.
(d) SHG image with SC pulse com-
pressed with CM and i2PIE.
(e) Line scan profile plot of signal re-
sponse along the ROI.
(f) Micrograph of dermis of
pork skin tissue.
Figure 5.3: SHG images from dermis of porcine skin imaged under the four configurations:
(a) fundamental laser (signal enhanced by a factor of 3), (b) SC with only chirped mirror
(CM) compression, (c) SC with CM and MIIPS compression and (d) SC with CM and
i2PIE compression with ROI for line scans highlighted. All images were taken under the
same conditions with a pulse energy of 25 pJ. (e) Line scan measurements of SHG signal
response from dermis of porcine skin. (f) Bright field micrograph of tissue captured with
the CMOS camera in the setup.
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(a) SHG image of collagen with i2PIE
showing marked collagen
(b) Linear profiles of SHG response across
selected collagen fibrils
Figure 5.4: (a) SHG scan image of collagen in dermis of porcine skin taken with i2PIE
showing fibres of interest. (b) Linear profiles of SHG response along the coloured lines in
(a). The estimated thickness of the fibres (in µm) are indicated.
Figure 5.4a shows a SHG image recorded using an i2PIE compressed pulse and with
a scan step size of approximately 1 µm. Cross sectional profiles were taken across
some of the fibres. The regions where these cross sectional profiles were taken are
represented by lines A-E in figure 5.4a. The intensity profiles of the signal responses
for the marked regions are plotted in figure 5.4b with the width of the peaks corre-
sponding to the estimated diameters of the highlighted fibres. The average thickness
of the fibres under consideration was determined to be (1.8±0.6) µm. This thickness
is found to be within the lower range thickness of Type I fibres as stated by [151].
Considering the scan step size used, these measured thickness values correspond to
an upper limit of what can be resolved within the chosen step sizes.
5.2.2 Second harmonic generation in plant cells
Plants possess cellulose as an essential component structural component of the cell
walls [35]. The highly ordered structure of the cellulose makes them an ideal source
of second harmonic generation signals and many studies have shown that SHG is
strongly generated in plants cells [152–154]. The guard cells in plant stomata contains
relatively well-developed chloroplasts [155] and are responsible for the opening and
closing of the stomata for gaseous exchange. Examples of open and closed stomata
are shown in figure 5.5. In the presence of sunlight, they open for transpiration and
close in the absence of sunlight [156]. The guard cells vary in size and in our study
we measured cells within the range of 30-70 µm in diameter. The chloroplasts are
membrane bound organelles that are made up of other structures including starch
granules and grana [157]. These starch and grana are highly crystallized structures
and are therefore strong emitters of SHG [153, 157].
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Figure 5.5: Micrograph of plant guard cell in the epidermis of leaves showing open (left)
and closed (right) stomatal pore. The nature and location of the chloroplasts are also clearly
highlighted. Image taken from [155].
5.2.2.1 Verification of Second harmonic generation in plant cells
Preliminary measurements were taken to confirm that it was second harmonic gen-
eration that was measured from chloroplasts upon irradiation using the fundamental
pulse. For any nonlinear process, the intensity (I) of the signal response is directly
proportional to the applied laser power (P ) scaled to the order of the nonlinear
process such that:
I = A+ Pn (5.2.1)
where A represents the signal offset/background noise and n is the order of the
nonlinear process. Equation 5.2.1 can be rewritten in a linear form such that:
log(I) = log(A) + nlog(P ) (5.2.2)
(a) Nonlinear signal response (b) log-log response
Figure 5.6: SHG signal generated from plant chloroplast of a potato leaf. Quadratic signal
response recorded for varying average input power is shown in 5.6a. A log-log presentation
showing the fit function is shown in 5.6b
Figure 5.6a shows the signal response recorded from the chloroplast as a function of
irradiation power while figure 5.6b shows a log-log plot of the same data set. Fitting
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figure 5.6a with equation 5.2.1 shows a quadratic response between the SHG signal
response and the applied power.
This can be confirmed from the linear fit of figure 5.6b with equation 5.2.2 with
a gradient of n = 2 corresponding to a second order nonlinear process. With the
630-800 nm fluorescence wavelength of chlorophyll [158, 159] beyond the range of the
bandpass filter, this response can be attributed to a SHG response generation from
the chloroplast. Plant leaves therefore served as a cheap, readily available sample to
investigate in this project.
5.2.2.2 Second harmonic generation imaging in plant guard cells
To perform SHG imaging in plant cells with our constructed imaging systems, our
test sample was obtained from the leaf of a sweet potato (Ipomoea batatas). A
monolayer of the epidermis was excised and mounted between a cover slip and a
microscope slide. Dehydration was reduced by placing the monolayer in a thin film
of water. These guard cell samples were then imaged with SHG using pulses having
been compressed with the different compressions techniques discussed, namely the
chirped mirror compression, MIIPS compression and i2PIE compression. Fluores-
cence was not considered in plant cells due to two main reasons: chloroplast absorbs
in the lower wavelength region (360-410 nm) and has a red fluorescence spectrum
ranging between 630 - 800 nm [158–160] which overlaps with the supercontinuum
spectrum at maximum pumping power.
Figure 5.7 shows the SHG images obtained after scanning with the different com-
pressed pulses at a higher pulse energy of 250 pJ. This higher pulse energy compared
to that used on mammalian cells was chosen because plant cells are more robust than
mammalian cells. The measured contrast and SNR values are listed in table 5.4 with
the corresponding enhancement factors listed in table 5.5. Again, the SNR values
are listed in parenthesis. It is observed that the values are relatively low compared
to the readings recorded in the SHG in porcine epidermis tissues. The contrast and
SNR values recorded are low because the contributions from the background regions
of the cell. This background signal is probably due to the presence of other cellular
structures in the cell which can contribute to SHG. The cell walls and chloroplasts
however contain starch and grana which are highly crystallized and therefore lead to
a production of stronger SHG responses [35, 157].
Table 5.4: Contrast and signal-to-noise ratio measurements for SHG in plant guard cells
at 250 pJ input pulse energy.
Technique Contrast Signal-to-noise ratio
Fundamental pulse 16.4±2.8 4.7±0.8
Chirped mirror only 17.6±0.4 9.6±0.7
MIIPS pulse 20.8±0.9 12.5±0.5
i2PIE pulse 29.6±2.7 16.8±1.5
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(a) SHG image using the fundamental
pulse from the laser cavity.
(b) SHG image with SC pulse compressed
with only chirped mirrors.
(c) SHG image with SC pulse compressed
with CM and MIIPS.
(d) SHG image with SC pulse com-
pressed with CM and i2PIE.
(e) Micrograph of guard cell taken
with the CMOS camera.
Figure 5.7: SHG images from epidermis of leaf imaged under the four configurations:
fundamental laser (a), SC with only chirped mirror (CM) compression (b), SC with CM
and MIIPS compression (c) and SC with CM and i2PIE compression (d). The micrograph
image is shown in (e). All images taken under same conditions with pulse energy of 250 pJ
(20 mW average power) with a scale bar of 5 µm.
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Table 5.5: Contrast (SNR) enhancement factors for SHG in plant cells.
Technique Fundamental CM-only MIIPS i2PIE
Fundamental 1.0 1.1 (2.0) 1.3 (2.6) 1.9 (3.4)
CM-only 1.0 1.2 (1.3) 1.7 (1.7)
MIIPS 1.0 1.4 (1.3)
i2PIE 1.0
As expected, there is an increase in signal response when i2PIE compressed pulses
were used. It showed a contrast enhancement of almost 40% more than that obtained
with MIIPS compressed pulses. For SNR, a 30% improvement was also recorded in
favour of i2PIE compressed pulses over the use of the MIIPS technique. Compared
to the usage of CM-only compressed pulses and the fundamental pulse, i2PIE can
be seen to provide approximately 70% and 90% contrast enhancement respectively.
The line scan taken across the highlighted region in figure 5.7d is plotted in figure
5.8 showing the increase in contrast and SNR in i2PIE over the other compression
techniques. The higher contrast offered by the i2PIE technique is made manifest in
the level of details shown in figure 5.7d where the chloroplast are more visible com-
pared to the level of details present in the images obtained with other compression
techniques. The chloroplasts in figure 5.7d are visible in a manner similar to their
display in figure 5.5.
Figure 5.8: Profile of line section for signal response along the highlighted region of interest
in figure 5.7d.
A key advantage of nonlinear microscopy is the ability to examine cells in their
natural environment without interfering with their normal functions. This can be
seen by observing the opening and closing of the guard cells, even whilst they are
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being irradiated. The size of the stomata is represented in figure 5.8 by a, b and
c. The size is estimated to be 5.8 µm, 5.0 µm and 3.8 µm for CM-only, MIIPS and
i2PIE respectively. As a reminder, the scanning order is CM-only, MIIPS before
i2PIE. There is therefore a decrease in the size over time. Considering that the
measurements were performed in the total darkness and that the wavelength of the
illuminating source lies outside the absorption spectrum of the chloroplasts one can
assume that the stomata pore was closing due to the absence of sunlight. The size
of the guard cell however remained the same thus eliminating the explanation that
the reduction in pore size was as a result of cell shrinking. This supports the fact
that there is a reduced risk of photodamage in nonlinear microscopy as cells were
seen to be functioning normally throughout the investigation.
5.3 Two photon excitation fluorescence imaging
In general there are two categories of fluorescence imaging in biological samples
irrespective of whether one or two photon processes are being considered. These are
autofluorescence, originating from endogenous fluorophores, which is label-free and
labelled or tagged fluorescence, where fluorophores are introduced into the sample.
Measurements on both categories of fluorescence were taken with the system and are
discussed below.
5.3.1 Autofluorescence in porcine skin
Label-free two photon excitation fluorescence (TPEF) imaging was performed on
the same porcine epidermis sample used in the SHG imaging presented in section
5.2.1.1 above. Intrinsic fluorescence in type I collagen spans an emission wavelength
of 300-500 nm [161] hence there is an overlap between the fluorescence and SHG
emission wavelengths. Detection of TPE-autofluorescence signal was ensured by
blocking SHG signals through the use of a 450/10 band pass filter (transmitting the
band 450 nm ± 10 nm).
TPEF images recorded for all techniques are shown in figure 5.9. For illustrative
purposes, the responses recorded with the fundamental in figure 5.9a and GDD-only
compensated SC pulse (CM-only) in figure 5.9b have each been enhanced by a factor
of 2. The signal response follow the same trend as that for SHG images with the
highest contrast recorded for imaging with i2PIE compressed pulse. TPEF fluores-
cence emission in epidermal skin tissue has been reported to span a broad spectral
wavelength of 350 - 700 nm [29]. However, there are fluorescence contributions from
different fluorophore such as NADH, keratin, melanin and porphyrins which all ab-
sorb at the same excitation wavelength and emit within the fluorescence emission
window. For example, NADH, keratin, melanin and porphyrin are reported to have
emission peaks at 470 nm, 500 nm, 575 nm and 618 nm respectively [29]. There is
therefore a strong possibility that our recorded signals contain contributions from
these other fluorophores in addition to that of the intrinsic fluorescence of collagenase
I with a fluorescence emission range of 300 - 500 nm [161].
Table 5.6 lists the contrast and signal-to-noise ratios recorded for each technique with
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(a) Porcine autofluorescence with funda-
mental pulse.
(b) Porcine autofluorescence with only
GDD compensation (CM compression).
(c) Porcine autofluorescence from CM and
MIIPS compression.
(d) Porcine autofluorescence with CM and
i2PIE compression.
Figure 5.9: TPE autofluorescence from the epidermis of porcine skin imaged under the
four configurations: fundamental laser (a), SC with only chirped mirror (CM) compression
(b), SC with CM and MIIPS compression (c) and SC with CM and i2PIE compression (d).
Micrograph image is the same as that of figure 5.1e. All images taken under same conditions
with pulse energy of 25 pJ.
the corresponding contrast (SNR) enhancement factors listed in table 5.7 Comparing
the contrast and SNR values recorded for TPE-autofluorescence of the epidermal
porcine tissue in table 5.7 to the values recorded in the SHG images of the same
tissue in table 5.2, there is a stronger signal response in the SHG imaging than that
of the TPEF. For example, a contrast enhancement factor of 7.8 fold was recorded
when comparing the SHG signals obtained for CM-only compressed pulses with i2PIE
compressed pulse. For the same two techniques, the TPEF contrasts was enhanced
by a factor of 2.8. The signals cannot be compared directly since they originate from
two different nonlinear processes. However,the incoherence or isotropic nature in the
emission of fluorescence signals contributes to low signal response in transmission
detection geometry.
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Table 5.6: Contrast and signal-to-noise ratio measurements for TPEF in epidermis of
porcine skin at 25 pJ input pulse energy.
Technique Contrast Signal-to-noise ratio
Fundamental pulse 8.0±0.6 3.2±0.2
Chirped mirror only 12.1±1.4 4.1±0.4
MIIPS pulse 24.8±3.0 8.6±1.3
i2PIE pulse 32.9±4.0 10.6±1.6
Table 5.7: Contrast (SNR) enhancement factors for TPEF in porcine epidermis.
Technique Fundamental CM-only MIIPS i2PIE
Fundamental 1.0 1.5 (1.3) 3.1 (2.9) 4.1 (3.7)
CM-only 1.0 2.1 (2.3) 2.8 (2.8)
MIIPS 1.0 1.3 (1.2)
i2PIE 1.0
5.3.2 Exogenous TPEF
The system’s ability to detect exogenous fluorophore induced TPEF in cells was
investigated using fix cultured mouse hypothalamic neuronal cell line (GT1-7 cells)
obtained from the Neuro Research Group, Department of Physiological Sciences,
Stellenbosch University. These cell lines are commercially available and are reported
to be an excellent model system in the investigation of endocrine disruption and
neurotoxicity [162]. The GT1-7 cells were patterned onto a microscope slide and
stained with Hoechst dye. Hoechst is a fluorescent stain which absorbs within the
ultraviolet region of the electromagnetic spectrum around 350 nm and emits with a
maximum wavelength around 450 nm and is predominantly used for labelling DNA.
Since the DNA is localized in the nuclei, this dye is used mostly to visualize the nu-
cleus. It is more lipophilic due to its structure making it cross intact cell membranes
readily [163]. Absorption and emission spectra are shown in figure 5.101 alongside
the excitation pulses.
From the absorption spectrum in figure 5.10, hoechst stain has an excitation efficiency
of about 8% at a two photon absorption (TPA) wavelength of 400 nm. To maximise
excitation efficiency, the central wavelength of the laser was tuned from 800 nm to
780 nm which is close to the lower limit for stable mode-locking of the laser. The
fundamental and SC spectra recorded when the laser was tuned is represented by
their respective plots in figure 5.10. It can be observed that the SC spectrum shifts
to shorter wavelengths spanning from approximately 690 - 830 nm. This ultimately
also lowers TPA wavelength. With a TPA wavelength at 390 nm, an excitation
efficiency of about 15% is achieved. Imaging was carried out with an input energy
of 25 pJ (2 mW average power). A 360-580 nm band pass filter was used to block
the incident laser light with detection performed in transmission geometry.
1Spectra data courtesy Fluorescence SpectraViewer from www.thermofisher.com
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Figure 5.10: The absorption and emission spectra of Hoechst stain are shown in the blue
and dotted red lines respectively (spectral data from www.thermofisher.com). The solid red
and black lines respectively represent the excitation spectra for the fundamental and SC
pulses used for the exogenous TPEF imaging.
Figure 5.11 displays the results obtained from the TPEF imaging. Again, response
obtained for the fundamental pulse has been enhanced by a factor of 2 for illustrative
purposes. As with previous reported results (for SHG and endogenous TPEF), there
is an increase in signal response in the use of SC pulses with the best image achieved
through the use of i2PIE. The calculated contrast and signal to noise readings are
tabulated in table 5.8. It can be seen that there is approximately a 2 fold increase in
the contrast and SNR recorded images taken with i2PIE compressed pulses than that
recorded for MIIPS compressed pulses. Our results of exogenous TPEF of labelled
Table 5.8: Contrast and signal-to-noise ratio measurements for TPEF in GT1-7 Cell Line
at 25 pJ input pulse energy.
Technique Contrast Signal-to-noise ratio
Fundamental pulse 19.2±2.4 8.2±1.0
Chirped mirror only 40.9±8.7 13.5±2.9
MIIPS pulse 44.2±3.2 15.3±1.1
i2PIE pulse 83.7±9.3 30.0±3.2
cells also show better contrast and SNR recorded with the use of i2PIE as a pulse
compression technique compared to the other compression techniques. The obtained
results imply that the excitation pulse energy can further be reduced for the i2PIE
technique and still generate signal responses comparable with that of MIIPS. This
is very crucial especially for mammalian cells since high pulse energies can lead to
photodamage.
The results obtained from the GT1-7 cell lines show a clear distinction between
the stained nuclei and the background as can be observed from figure 5.11. The
zero background in the exogenous TPEF highlights the advantage of labelling in
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(a) TPEF image using the fundamental
pulse from the laser cavity.
(b) TPEF image with SC pulse com-
pressed with only chirped mirrors.
(c) TPEF image with SC pulse com-
pressed with CM and MIIPS.
(d) TPEF image with SC pulse com-
pressed with CM and i2PIE.
(e) Micrograph of hoechst
stained cells.
(f) Line scan profile of signal re-
sponse.
Figure 5.11: TPEF images from hoechst stained cells imaged under the four configurations:
fundamental laser (a), SC with only chirped mirror (CM) compression (b), SC with CM and
MIIPS compression (c) and SC with CM and i2PIE compression (d). All images taken under
same conditions with pulse energy of 25 pJ. Micrograph of cell shown in (e) with a line scan
of response across highlighted region in figure 5.11d displayed in (f). For representation
purposes, the signal response for the fundamental has been amplified by a factor of 2.
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microscopy as localization of fluorophores permits the generation of responses from
only the regions of interest. he exogenous fluorophores can however interfere with
cell morphology and functions.
5.4 Chapter summary
This chapter has been used to present and discuss the biophotonic applications of
the different phase measurement/pulse compression techniques that were used in
our constructed nonlinear microscope. Two main second order nonlinear imaging
techniques i.e. two photon excitation fluorescence and second harmonic generation
were investigated. For TPEF, both intrinsic (autofluorescence) and exogenous fluo-
rescence were considered while label free SHG imaging was also investigated in both
plant and mammalian samples.
It has been established that in all modalities considered, there was greater contrast
and signal-to-noise ratios achieved with the use of i2PIE when compared to pulses
compressed using other phase measurement and compression techniques. Even at
low pulse energies, i2PIE has proven to provide higher signal responses in both
endogenous and exogenous nonlinear imaging. Thus the new i2PIE serves as a better
phase measurement/pulse compression technique than any other existing technique
for live cell imaging as the risk of photodamage is drastically reduced. It has also
been shown from analysis of SHG in plant cells that the morphology and normal
functioning of cells are not affected. This makes i2PIE a much better coherent phase
control alternative in imaging conditions that require irradiation with low energy
pulses but demand higher contrast and improved signal-to-noise ratios.
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Summary, conclusions and future
outlook
6.1 Summary and conclusions
A dedicated and versatile nonlinear optical laser scanning microscope has been suc-
cessfully designed and constructed. The constructed system is based on the applica-
tion of a broadband supercontinuum (SC) pulse generated from a novel experimen-
tal polarization-maintaining all-normal dispersion photonic crystal fibre (PM-PCF).
The use of this SC pulse provided the opportunity to control the laser pulse in order
to generate ultrashort pulses with durations shorter than the duration exiting the
oscillator. These pulses provide the high intensities required to perform nonlinear
microscopy with low energy pulses. A 4f shaper with a spatial light modulator inte-
grated into the setup was used to measure the phase of the SC pulse and also used
in pulse compression by applying a negative of the measured phase onto the SLM.
In measuring the spectral phase, a new technique that utilizes time domain pty-
chographic phase measurement was applied. This technique is known as i2PIE and
this work is the first ever application of this phase measurement technique, that can
be used for pulse compression, to microscopy. This work explored the features and
merits of this novel technique in comparison to the well established MIIPS technique
which is used for the same purpose. The phase measurement process of both i2PIE
and MIIPS and how the two algorithms perform as pulse compression techniques
were investigated. Accurate and effective pulse compression to near transform lim-
ited pulse is necessary for the generation of high intensity pulse in the plane of the
object. The characteristic features of the constructed microscope were investigated
using four different irradiation sources: the fundamental pulse directly from the os-
cillator; SC pulse that was only pre-compressed with chirped mirrors; SC pulses
compressed with the phase measured with MIIPS and SC pulses compressed with
the phase measured with the new i2PIE technique. Finally, the influence of these
four irradiation sources on contrast and signal-to-noise enhancement was investi-
gated by performing second harmonic generation (SHG) and two photon excitation
fluorescence (TPEF) microscopy with the constructed system.
98
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. SUMMARY, CONCLUSIONS AND FUTURE OUTLOOK 99
The constructed microscope provides the unique opportunity to measure and cor-
rect spectral phase distortions within the same setup. The phase measurement and
correction happens at the position of the object and therefore any additional phase
introduced by new optics in the beam bath is accurately measured and corrected
to provide near transform limited pulses. The collinear beam geometry reduces
alignment challenges and therefore make the constructed system more user friendly
especially for non-laser experts. The system is also inherently confocal and there-
fore excitation only occurs at the focus of the microscope objective thus the risks of
photodamage to samples is significantly reduced.
In relation to the SC generation in the PCF, the PM-PCF has been observed to
provide a higher degree of confinement when propagating along a chosen axis thus
providing a more stable supercontinuum spectrum than the non-PM-PCF. This high
confinement is attributed to the intentional stress induced in the fibre during fabri-
cation which reduces transfer of power between orthogonal axes. Our results support
the findings of [111] who provided the theoretical framework in support of PM-PCFs.
In our comparative analysis, we have demonstrated the key features and merits of
i2PIE over the standard MIIPS as a phase measurement technique that can be used
for pulse compression. i2PIE has been shown to provide a more accurate measure
of the spectral phase of the SC pulse. It is more sensitive to the complex spectral
profile of the pulse and is able to compensate for higher order dispersion which
is a known limitation of the standard MIIPS, where compensation is limited to
second order dispersions. The higher accuracy of the measured phase allows for
better pulse compression and hence the generation of pulses with a shorter temporal
duration closer to the transform limited case. These shorter pulse durations also
generate higher peak intensities. With nonlinear signal responses depending on the
intensity of the applied field, higher peak intensities generate higher signal responses.
Our in-house developed i2PIE technique has been shown to provide higher signal
responses with greater contrast and signal-to-noise ratios than other measurement
techniques for the same input pulse energy. In SHG in crystals, the results obtained
from this dissertation suggests that pulses compressed with i2PIE exhibit a more
accurate phase matching between the phase of the pulse and the dipoles in the
crystalline medium. This also contributes to higher signal responses. Due to the
higher nonlinear signal responses from i2PIE, lesser average power (pulse energy)
can be used. This leads to a lesser risk of photodamage in tissue. Again, in terms of
processing time, the non-iterative reconstruction nature of i2PIE makes it a faster
compression method than MIIPS. The ptychographic nature of i2PIE also provides
the added advantage of pulse amplitude reconstruction which is another limitation
of the standard MIIPS algorithm.
The first ever application of i2PIE as a pulse characterization technique in SHG and
TPEF microscopy has been very successful and shows excellent results. In all speci-
men investigated (both plant cells and mammalian cells/tissues), i2PIE been proven
to provide higher contrast and signal-to-noise ratios at the same input pulse energy
than the other pulse characterization techniques investigated. It provides higher
peak intensities which generate stronger signal response. This means when com-
pared to other techniques, i2PIE can easily be used with very low energy pulses and
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still provide significant results. The inherent confocality associated with nonlinear
microscopy is also evident in the fact that sample morphology and physiology were
not affected as can be seen from the SHG imaging of the plant guard cells where the
stomata was observed to be closing over time in response to the ambient conditions
in the laboratory.
Based on the results obtained in this dissertation, i2PIE has been proven to be a
more accurate phase measurement/pulse compression technique than the other pulse
characterization techniques including the commonly used multiphoton intrapulse in-
terference phase scan (MIIPS).
6.2 Future outlook
This dissertation has introduced a new ultrashort phase measurement technique that
can be used for pulse compression. Although this work focused on applications into
two photon microscopy processes, the new i2PIE technique can be further explored
in other microscopy spectroscopy applications. There are also avenues to further
explore its phase measurement features and merits.
As a phase measurement technique, a comparative study between i2PIE and the
gated-MIIPS (G-MIIPS) can be explored. G-MIIPS is a modification of the standard
MIIPS designed to address some of the key limitations of standard MIIPS [67]. It
also offers both phase and amplitude modulation and therefore a comparative study
of these two techniques can provide further details and deeper understanding into
their individual features and advantages. Again, polarization-resolved spectroscopic
measurements are also worth exploring to determine the polarization dependent com-
pression efficiency.
Fluorescence signals are known to be better collected with high NA microscope
objectives thus often detected in the reflection (epi) geometry. We have designed
and optimized our system for epi detection and will be investigating the strength
of these coherent control techniques in that detection geometry. 3D imaging will
also be explored to determine the sectioning capabilities of the i2PIE technique.
This work focused primarily on second order nonlinear processes i.e. TPEF and
SHG. Applications of i2PIE in three-photon microscopy are worth exploring. To
generate third harmonic generation responses in the ultraviolet region, the PCF
should be pumped at wavelengths above 1 µm (1000 nm). Considering the fact
that the dispersion profile of the fibre used in this work (refer to figure 2.6c in
second chapter), would not permit all normal dispersion at pump wavelengths above
950 nm, and laser mode-locking challenges at wavelength above 820 nm, third order
nonlinear processes such as three photon fluorescence and third harmonic generation
could not be explored hence our limitations to TPEF and SHG. However, i2PIE
applications in three-photon microscopy can be explored with other novel PM-PCFs
such as the NL-1050-NE-PM (NKT-Photonics) which are designed to offer complete
all normal dispersion into the infrared wavelengths [164]. Its applications in CARS





A.1 Time Bandwidth Product













with B0 = A0τ
√
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ln 2/τ . Spectral FWHM (S(ω)) is given
by ∆ω0
√
2 ln 2 which results in the time-bandwidth product (TB):














∆t ·∆ω =4 ln 2 (A.1.3)
With ω = 2πν, A.1.3 simplifies to (for a Gaussian pulse)
∆t ·∆ν ≈ 0.441 (A.1.4)
Equation A.1.4 shows that for any Gaussian pulse, there is a fixed inverse relation
between the spectral width and the temporal duration.
A.2 Spectral phases measured with MIIPS and i2PIE
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(a) supplimentary phase set 1 (b) supplimentary phase set 2
(c) supplimentary phase set 3 (d) supplimentary phase set 4
(e) supplimentary phase set 5
Figure A.1: Supplementary data for the comparison of measured spectral phase recorded




This appendix shows the user interfaces of the LabVIEW codes that were developed
as part of this work. All codes were developed from scratch and not a modification
of any pre-existing code.
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This appendix shows the Matlab codes that were developed as part of this work. All
codes were developed from scratch and not a modification of any pre-existing code.
C.1 MIIPS analysis code
This code analyzes the second harmonic trace and the residual phase recorded by
MIIPS for each iteration. ,
function [ output_args ] = process_miips( dirr , wc)
%%%This code analyzes the MIIPS data recorded. It analyzes
the SH trace ...
%%and retrieved phase per iteration
dirr = 'D:\ ProBook data\Documents Drive C\SA PhD folder\
Lab Data \2019 data\Year 4\data for thesis \120619\ miips '
; %lists all files in the MIIPS research directory
%%%%%%% Load data files from dirr given %%%%%
res_phase = dir([dirr '\residual ']); %%This is the phase
correction per iteration
total_phase = dir([dirr '\total']); %% This is the total
phase left on the pulse after each iteration
trace = dir([dirr '\trace']); %%This is the SH trace per
iteration
ax = importdata ([dirr '\ax.txt']); % the wavelength range
of the blue spectrum (SHG signal)
rspec = importdata ([dirr '\redspec_100nm_band_789.txt']);%
replace with the red wavelength file of the laser
power
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plot(rspec (:,2),rspec (:,1)/max(rspec (:,1)),'r','LineWidth '
,2);
axis ([700 900 0 1])
set(gca ,'Ydir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
set(gca ,'Xdir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
xlabel('Wavelength (nm)', 'FontSize ' ,20);
ylabel('Normalized intensity (a.u)', 'FontSize ' ,20);
%%%%% Resample the blue spectrum to 2048 data points for
miips traces
new_ax = linspace ( -1024 ,1024 ,2048); %create a linear array
starting from -1024 to 1024 with 2048 points
bf = abs(ax(1)-ax(length(ax)))/2048; %figure out spacing
between each point for new axis
new_ax = new_ax .*bf;% new linear array with points at each
line spacing.
wc =793; %center wavelength that is read on the R_MIIPS2
screen
bc=wc/2;%Center wavelength for blue (don 't think so)
new_ax = new_ax +bc;
delta = linspace (-2*pi ,2*pi ,256);
%%%%% trace prints
for i = 1:( length(trace) -2)
figure (1)
traces{i} = importdata ([dirr '\trace\' trace(i+2).name
]);
imagesc(delta ,new_ax ,traces{i}');
set(gca ,'Ydir','Normal ','Fontsize ', 12,'FontWeight ','
bold')
set(gca ,'Xdir','Normal ','Fontsize ', 12,'FontWeight ','
bold')
ylabel('Wavelength (nm)','Fontsize ' ,20)
xlabel('\delta (rad)','Fontsize ' ,20)




%%%Make corresponding frequency axis for lamb
c = 2.998*10^8;
fc = 2*pi*c/(wc*10^ -9);
fexp = 2*pi*c./( lamb *10^ -9);
df = abs(fexp (1)-fexp(length(fexp)))/2048 ;
dt = pi /(2048* df);% 2* in front of pi deleted
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resample =interp1(rspec (:,2),rspec (:,1),lamb ,'spline ' ,0);%
redefining the data point to make the spacing closer
resample = resample/max(resample); %normalizing the
resampled data
ind = find(abs(resample)/max(abs(resample)) > 0.01); %
changing resample to rspec
err=0;
%%%% Plot phase functions from file
for i = 1:( length(res_phase) -2)
figure (3)
rp{i} = importdata ([dirr '\residual\' res_phase(i+2).
name]);
tp{i} = importdata ([dirr '\total\' total_phase(i+2).
name]);
[AX1 ,H11 , H12]= plotyy(lamb ,resample ,lamb ,[rp{i}' tp{i
}']); %%plotting a yy plot for the phases
set(AX1(1),'ylim' ,[0 1],'FontWeight ','bold')




set(H11 ,'LineWidth ' ,2);
set(H12 ,'LineWidth ' ,2);
title(res_phase(i+2).name);
xlabel('Wavelength (nm)','Fontsize ' ,20)
set(get(AX1(1),'Ylabel '),'String ','Intensity (a.u.)','
Fontsize ' ,20);









err(i) = sum(abs(phase))/nr; %calculating the error in
the phase reconstruction;
plot(err ,'b','LineWidth ' ,2.5);
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axis ([1 10 0 inf]);
set(gca ,'Fontsize ', 13,'FontWeight ','bold')
set(gca ,'Fontsize ', 13,'FontWeight ','bold')
xlabel('Iteration #', 'FontSize ' ,20);
ylabel('Error in measured phase(a.u.)', 'FontSize ' ,18);
a=0;
end
C.2 Phase analysis code




red=dlmread('redspec200519.txt'); %% loads the SC spectrum
miips=dlmread('miipsphase.txt'); %% loads the MIIPS
retrieved phase
pty=dlmread('SA_779 .00 _pty2.txt'); %% loads the IIPIE
retrieved phase
w_cal=dlmread('wl.txt'); %% loads the wavelength range





plot(red_x ,(( red_y)-min(red_y))/max(red_y),'r','LineWidth '
,2);
axis ([650 950 0 1])
set(gca ,'Ydir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
set(gca ,'Xdir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
xlabel('Wavelength (nm)', 'FontSize ' ,20);
ylabel('Normalized intensity (a.u)', 'FontSize ' ,20);
%%%Make corresponding frequency axis
c = 2.998*10^8;
wc =779; %center wavelength that is read on the R_MIIPS2
screen
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fc = 2*pi*c/(wc*10^ -9);
fexp = 2*pi*c./( wexp2 *10^ -9);
%%% Interpolation of SC pulse
tn =2^14; %number of data points
df = abs(fexp (1)-fexp(length(fexp)))/tn ;
dt = 2*pi/(tn*df);% defining time from frequency
t = dt*linspace(-tn/2,tn/2-1,tn);
f = df*linspace(-tn/2,tn/2-1,tn);
re =interp1(fexp ,int1 ,f+fc,'spline ' ,0);%resampling the
data point to make the spacing closer
tp= t.*10^15;%%% converts axis to femtoseconds
% %%% Taking parameters of the SC pulse
figure (2)
plot(f.*1e-15,re,'LineWidth ' ,2); %plotting redspec around
the central frequency







axis ([300 500 0 1])
set(gca ,'Ydir','Normal ','Fontsize ',12,'FontWeight ','bold')
set(gca ,'Xdir','Normal ','Fontsize ',12,'FontWeight ','bold')
xlabel('Wavelength (nm)','Fontsize ', 18,'FontWeight ','bold
')
ylabel('Correlation Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
title('Autocorrelation of Supercontinuum pulse','Fontsize '
, 12,'FontWeight ','bold')
% %
%%% ANALYZING MIIPS DATA
miips_y=miips (:,2);%intensity axis
miips_x=miips (:,1); %wavelength axis
f_miips = 2*pi*c./( miips_x *10^ -9);
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%%% Interpolation of MIIPS phase
df_mp = abs(f_miips (1)-f_miips(length(f_miips)))/tn ;
dt_mp = 2*pi/(tn*df_mp);% defining time from frequency
t_mp = dt*linspace(-tn/2,tn/2-1,tn);
F_mp = df_mp*linspace(-tn/2,tn/2-1,tn);
tp_mp= t_mp .*10^15;%%% converts axis to femtoseconds
re_mp =interp1(f_miips ,miips_y ,F_mp+fc,'spline ' ,0);%
resampling the data point to make the spacing closer
figure (3)
plot(F_mp ,re_mp); %Plotting the MIIPS phase about the
central frequency
%%% ANALYZING IIPIE DATA
f_pty = 2*pi*c./( w_cal *10^ -9);
Pty_x=f_pty;
Pty_y=pty;
%%% Interpolation of IIPIE phase
df_pty = abs(Pty_x (1)-Pty_x(length(Pty_x)))/tn ;
dt_pty = 2*pi/(tn*df_pty);% defining time from frequency
t_pty = dt*linspace(-tn/2,tn/2-1,tn);
F_pty = df_pty*linspace(-tn/2,tn/2-1,tn);
tp_pty= t_pty .*10^15;%%% converts axis to femtoseconds
re_pty =interp1(f_pty ,pty ,F_pty+fc,'spline ' ,0);%resampling
the data point to make the spacing closer
figure (4)
plot(F_pty ,re_pty);




[AX1 ,H11 ,H12]= plotyy(f.*1e-15,re/max(re),F_mp .*1e-15,re_mp
);
set(AX1(1),'ylim' ,[0 1],'ycolor ','k','Fontsize ', 12,'
FontWeight ','bold')
set(AX1(2),'ylim' ,[-20 80], 'ytick' ,-20:10:80,'ycolor ','b
','Fontsize ', 12,'FontWeight ','bold');
set(AX1(1),'xlim' ,[-0.4 0.4],'FontWeight ','bold')% axis
in fs
set(AX1(2),'xlim' ,[-0.4 0.4],'FontWeight ','bold')
set(H11 ,'LineWidth ',3,'color','k');
set(H12 ,'LineWidth ',3,'color','b');
xlabel('Frequency (rad/fs)','Fontsize ',18,'FontWeight ','
bold')
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set(get(AX1(1),'Ylabel '),'String ','Normalized intensity (a
.u.)','Fontsize ',18,'FontWeight ','bold');




[AX2 ,H11 , H12]= plotyy(f.*1e-15,re/max(re),F_pty .*1e-15,
re_pty);
set(AX2(1),'ylim' ,[0 1],'ycolor ','k','Fontsize ', 20,'
FontWeight ','bold')
set(AX2(2),'ylim' ,[-60 0], 'ytick' ,-60:10:0,'ycolor ','r',
'Fontsize ', 20 ,'FontWeight ','bold');
set(AX2(1),'xlim' ,[-0.4 0.4],'FontWeight ','bold')
set(AX2(2),'xlim' ,[-0.4 0.4],'FontWeight ','bold')
set(H11 ,'LineWidth ',3,'color','k');
set(H12 ,'LineWidth ',3,'color','r');
xlabel('Frequency (rad/fs)','Fontsize ',24,'FontWeight ','
bold')
set(get(AX2(1),'Ylabel '),'String ','Normalized intensity (a
.u.)','Fontsize ',24,'FontWeight ','bold');
set(get(AX2(2),'Ylabel '),'String ','I^2PIE Phase (rad)','
Fontsize ',24,'FontWeight ','bold');
%%% Constant and linear phase shift parameters
figure (7)
A=0; %constant phase shift term (MIIPS)
B=-10; % linear phase shift in fs(MIIPS)
C=B*F_mp/1e15; %Amount of linear phase to add in order to
rotate the phase about a central point
D=0; %onstant phase shift term (IIPIE)
G=17; % linear phase shift in fs (IIPIE)
H=G*F_pty/1e15; %Amount of linear phase to add in order to
rotate the phase about a central point
%%% Updating phases with relevant constant and linear phase
shifts
re_mp_up= re_mp+A+C; %updated miips phase
re_pty_up=re_pty+D+H; %updated pty phase
%%% Creating a YY plot of the phases
[AX3 ,H11 ,H12]= plotyy(F_mp .*1e-15,re_mp_up ,F_pty .*1e-15,
re_pty_up);
set(AX3(1),'ylim' ,[-40 30], 'ytick' ,-40:10:30,'ycolor ','b'
,'Fontsize ', 12,'FontWeight ','bold');
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set(AX3(2),'ylim' ,[0 60], 'ytick' ,0:10:60,'ycolor ','r','
Fontsize ', 12,'FontWeight ','bold');
set(AX3(1),'xlim' ,[-0.4 0.4],'FontWeight ','bold')
set(AX3(2),'xlim' ,[-0.4 0.4],'FontWeight ','bold')
set(H11 ,'LineWidth ',2,'color','b');
set(H12 ,'LineWidth ',2,'color','r');
xlabel('Frequency (rad/fs)','Fontsize ',14,'FontWeight ','
bold')
set(get(AX3(1),'Ylabel '),'String ','MIIPS Phase (rad)','
Fontsize ',14,'FontWeight ','bold');
set(get(AX3(2),'Ylabel '),'String ','IIPIE Phase (rad)','
Fontsize ',14,'FontWeight ','bold');
legend('MIIPS','I^2PIE','Location ','northwest ');
%%% Plotting MIIPS and IIPIE phases on the same scale
re_pty_shift=re_pty;
figure (8)
plot(F_mp .*1e-15,re_mp+C,'-.b','LineWidth ' ,2.5);
hold on;
plot(F_pty .*1e-15,re_pty_up -37,'r','LineWidth ' ,2.5);
hold off;
axis ([-0.2 0.3 -30 40])
set(gca ,'Ydir','Normal ','Fontsize ', 20,'FontWeight ','bold'
)
set(gca ,'Xdir','Normal ','Fontsize ', 20,'FontWeight ','bold'
)
ylabel('Phase (rad)','Fontsize ' ,25)
xlabel('Frequency (rad/fs)','Fontsize ' ,25)
legend('MIIPS','I^2PIE','Location ','northwest ');
C.3 NICA analysis code
This code analyzes the non-interferometric collinear autocorrelation (NICA) spec-
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red=dlmread('redspec_100nm_band_789.txt'); %load the red
spectrum(supercontinuum source)
wc =789; %center wavelength of the SC
y=red(:,1);%intensity axis
x=red(:,2); %wavelength axis
trace=trace '; % transpose axis
%%%INPUT THE SCANNING PARAMETERS
win =2000;%window size in (fs)
s=401;%number of steps
%%%
uts=win/s; %defines what a single step corresponds in time





%Replotting figure 1 with correct axis
figure (2);imagesc(ts ',x,trace);colormap('jet');colorbar %
Use only for spectrogram for IIPIE reconstruction
set(gca ,'Ydir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
set(gca ,'Xdir','Normal ','Fontsize ', 12,'FontWeight ','bold'
)
axis ([-100 100 360 440]);
set(gca ,'XLim' ,[-100 100])
set(gca ,'XTick' ,( -100:25:100))
set(gca ,'YLim' ,[360 440]);
set(gca ,'YTick' ,(360:20:440))
xlabel('Time (fs)','Fontsize ', 18,'FontWeight ','bold')
ylabel('Wavelength(nm)','FontSize ', 18,'FontWeight ','bold'
);
% title('Int. Col. Autocorr. trace - IIPIE compensation ','
Fontsize ', 10,'FontWeight ','bold ')
%%%
% Finding the interference fringes at any point in time in
wavelength
figure (3)
P=1; % define the time (step position for desired fringe ,
0 for no time delay)
fringe =(trace(:,P));%(trace(row range ,column range))
nrm_fringe=fringe/max(fringe); %normalization
plot(x,nrm_fringe);% plotting fringe in wavelength
set(gca ,'Ydir','Normal ')
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set(gca ,'Xdir','Normal ')
axis ([300 500 0 1]); %axis range
xlabel('wavelength (nm)','Fontsize ', 18,'FontWeight ','bold
')% for wavelength plot
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
% title('Pulse train at t=100fs (IIPIE)','Fontsize ', 12,'
FontWeight ','bold ')
%%% Finding the pulse duration
%Finding the sum of the the frequencies
Z_tr=sum(trace (1:3648 ,:));%defining omega axis
z=Z_tr/max(Z_tr); %Normalization of summed Intensities
figure (5)
plot(ts,z,'b','LineWidth ' ,2)
axis ([-150 150 0 inf]);
set(gca ,'Ydir','Normal ')
set(gca ,'Xdir','Normal ')
xlabel('Duration (fs)','Fontsize ', 18,'FontWeight ','bold')
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
%title('Autocorrelation of pulse duration ','Fontsize ',
12,'FontWeight ','bold ')
%%% plotting a horizontal slice
%%% PLOTTING THE SUPERCONTINUUM SPECTRUM
y=red(:,1);%intensity axis
x=red(:,2); %wavelength axis
figure (6)% red spectrum
plot(x,y,'r','LineWidth ' ,2);
axis ([650 900 0 inf])
xlabel('wavelength (nm)','Fontsize ', 18,'FontWeight ','bold
')
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');




Z=mean(std(y(1000:1450))); %mean of standard deviation of
background noise




% %%% Make corresponding frequency axis
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c = 2.998*10^8;
bc=wc/2;%Center wavelength for blue (don 't think so)
fc = 2*pi*c/(wc*10^ -9);
fexp = 2*pi*c./(x*10^ -9);
tn =3648;
df = abs(fexp (1)-fexp(length(fexp)))/tn ;
dt = 2*pi/(tn*df);% defining time from frequency
t = dt*linspace(-tn/2,tn/2-1,tn);
f = df*linspace(-tn/2,tn/2-1,tn);
tp= t.*10^15;%%% converts axis to femtoseconds
figure (7)
plot(fexp ,Int_norm ,'r','LineWidth ' ,2);
axis ([2e15 3e15 0 inf])
xlabel('Angular freq (rad.Hz)','Fontsize ', 18,'FontWeight '
,'bold')
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');










axis ([-200 200 0 inf]);
xlabel('time(fs)','Fontsize ', 18,'FontWeight ','bold')
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
title('Transform limited pulse of SC pulse ','Fontsize ',
12,'FontWeight ','bold')
%







axis ([300 500 0 1])
set(gca ,'Ydir','Normal ','Fontsize ',12,'FontWeight ','bold')
set(gca ,'Xdir','Normal ','Fontsize ',12,'FontWeight ','bold')
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xlabel('Wavelength (nm)','Fontsize ', 18,'FontWeight ','bold
')
ylabel('Correlation Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
title('Autocorrelation of Supercontinuum pulse','Fontsize '
, 12,'FontWeight ','bold')
%
% %%% Overlap of measured and calculated autocorrelations.
figure (10)
plot(x,nrm_fringe ,'LineWidth ' ,2);
hold on
plot(x_ac ,nrm_blue ,'LineWidth ' ,2);
hold off
axis ([300 500 0 1])
set(gca ,'Ydir','Normal ','Fontsize ',12,'FontWeight ','bold')
set(gca ,'Xdir','Normal ','Fontsize ',12,'FontWeight ','bold')
xlabel('Wavelength (nm)','Fontsize ', 18,'FontWeight ','bold
')
ylabel('Normalized Intensity (a.u.)','FontSize ', 18,'
FontWeight ','bold');
title('Measured autocorrelation vrs SC autocorrelation ','
Fontsize ', 12,'FontWeight ','bold')
legend('Measured ','Calculated ','Location ','northwest ');
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